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LTHOUGH the feldspars, the most important group 

of rock-making minerals, have long been the subject 
of scientific study and are perhaps better known than any 
other mineral group, much about them is as yet unknown. 
The discovery of Kohler, in 1941, that the optical proper- 
ties of the plagioclase feldspars vary with the temperature 
of formation has led to a revival of interest in the study 
of feldspars. 

The use of X-rays and the study of silicate systems in 
the laboratory have opened up new avenues of thought. In 
this issue of the Journal we present a group of papers 
which embody such studies of the feldspars and the silicate 
systems related to them. 

Among the papers to appear in early issues of the Jour- 
nal are: 


“Loess Formations of the Mississippi Valley.’’ By Mor- 
RIS M. Letcuton and H. B. WILLMAN 


“Authigenesis in West Virginia Sandstones.’’ By MILTON 
T. HEALD 


‘“‘Pediments and Pediment-forming Processes near House 
Rock, Arizona.” By Victor C. MILLER 


“Intersecting Minor Ridges and Periglacial Features in 
the Lake Agassiz Basin, North Dakota.’’ By LELAND 
HoRBERG 


“Deep Tectonics and Isostasy.”’ By H. pe CizANCcoURT 
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ABSTRACT 

In the presence of water vapor under pressure, soda feldspar and potash feldspar crystallize readily 
from their glasses. At high temperatures they appear to form a complete series of solid solutions showing con- 
tinuous variation of lattice-spacing as measured by X-rays. Studies of the dry melts had indicated that the 
solid solutions are of the type having a minimum-melting mixture. This conclusion is reinforced upon in- 
vestigation in the presence of water. Ata pressure of 1,000 kg/cm? of water vapor the minimum lies at the com 
position 70 per cent NaAlSi,Os, and the temperature is 843° C. This temperature is 220° below that observed 
in dry melts, the lowering being induced by the presence of some 7.5 per cent H,O in the liquid phase or 
melt. Increase of pressure to 2,000 kg/cm? produces a further lowering of only about one-third as much, 
When crystallized at still lower temperatures, the complete solid-solution relation no longer obtains, and two 
teldspars form side by side. Homogeneous synthetic feldspars formed at high temperatures unmix when 
held at lower temperatures, in confirmation of the accepted theory of most natural perthites. The composi- 
tion of both members in natural cryptoperthites can be determined by means of X-ray cata established for 
our synthetic feldspars of known composition. 

INTRODUCTION vailing during and after their formation. 
Another question pertains to their melt- 
ing behavior. In brief, we need to know 
their liquidus, solidus, and subsolidus re- 
lations as an aid to interpretation of the 
genesis of natural rocks. 

Soda feldspar and potash feldspar and 
their solid solutions are grouped under 
the designation alkali feldspars and are 
thus set off from the other feldspar series, 
the soda-lime feldspars or plagioclases 
a convenient, if oversimplified, classifica- 
tion. There are igneous rocks composed 
largely or almost entirely of alkali feld- 
spars. The deep-seated, intrusive varie- 
ties are called syenites, and their surface 
or lava equivalents are called trachytes. 

Syenites and trachytes do not loom 

; large in the igneous economy, but with an 

' Manuscript received April 10, 1950. Presented zcess of silica they pass into eranit 

at the November, 1949, Annual Meeting of the cy pes granites, 
Geological Society of America. which are the most abundant rocks of the 


As the most important group of rock- 
forming minerals, the feldspars have long 
been the subject of scientific investiga- 
tion, and perhaps more is known of them 
than of any other mineral group; yet 
much remains to be learned, and their 
study is still vigorously pursued. Minor 
constituents aside, the feldspars may con- 
veniently be regarded as solid solutions of 
three limiting compounds, NaAlSi,Ox,, 
KAISi,O,;, and CaAl,Si,Os, which we 
may call, simply, soda feldspar, potash 
feldspar, and lime feldspar, respectively. 
One of the questions still only partly 
solved is the extent of solid solution be- 
tween these components and the manner 
in which it is affected by conditions pre- 
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earth’s crust; and, when silica is deficient, 
they pass into those interesting, if not 
very abundant, rocks, the nepheline sye- 
nites, which find their surface equiva- 
lents in the phonolites, just as the gran- 
ites are represented as lavas by rhyolites 
and obsidians. A study of the equilibrium 
relations of the alkali feldspars is thus a 
necessary preliminary to an understand- 
ing of these chemically related groups of 
igneous rocks. The evidence is strong 
that the liquids or melts from which 
many, if not all, of these rocks have con- 
solidated contained significant quantities 
of water dissolved in them under pres- 
sure. For a proper understanding of the 
rocks it is therefore necessary to examine 
the melting equilibrium relations of the 
alkali feldspars under measured pres- 
sures of water vapor. Though the experi- 
mental techniques are more complicated 
than those applicable to dry melts, an 
enormous advantage accrues in that 


attainment of equilibrium is facilitated 
not only at liquidus temperatures but 
also at lower temperatures, which are 
particularly important in the present 
case. 


PREVIOUS INVESTIGATIONS 


From studies of natural alkali feld- 
spars and their occurrences, some very 
astute conclusions have been reached on 
the questions of their equilibrium rela- 
tions, but a review of such work is be- 
yond the scope of this paper. A number 
of experimental studies on natural feld- 
spars designed to throw light on their 
thermal relations have also been made. 
We shall not attempt to review this work 
either, but references to specific aspects 
of it will be made later. 

Studies of synthetic alkali feldspars 
have also been carried out, but extraordi- 
nary difficulty is encountered in obtain- 
ing crystallization of these compositions 
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in the dry way. Some progress has been 
made, however, and a preliminary paper 
presenting results was published by 
Schairer and Bowen (1935). Schairer has 
since carried the work further, and his 
results are given in a companion paper 
herewith. 

Moreover, the melting relations of 
soda feldspar and potash feldspar indi- 
vidually, in the presence of water at 
high pressures, have been examined by 
Goranson (1938). Our task was to extend 
these studies to mixtures of the feldspars. 


EXPERIMENTAL METHODS 

The apparatus used in our investiga- 
tion was principally the hydrothermal 
quenching apparatus of Tuttle (1948). 
The details of its use in a routine investi- 
gation have already been presented 
(Bowen and Tuttle, 1949). Suffice it to 
say here that the charge was of about 
10 mg. in the form of powder and was 
placed in a small platinum crucible, 
which was covered with another tightly 
fitting platinum crucible, and these were 
then placed in a somewhat larger cruci- 
ble, the space between then being filled 
with powder identical with the charge in 
composition. This surrounding buffer had 
been found necessary in the earlier work 
in order to avoid change of composition 
of the charge through transfer of material 
in the vapor phase by convective cir- 
culation. 

The whole was then exposed to a meas- 
ured and controlled temperature and 
pressure of water vapor in the manner de- 
scribed in the reference given. On occa- 
sion, other forms of apparatus, designed 
by Tuttle (1949), were also used. 

In nearly all the experiments or 
“runs,”’ the initial material was a ho- 
mogeneous glass, containing the two 
feldspar “molecules” in the desired pro- 
portions, which had been prepared by 


Schairer for the work with the dry melts. 
The preparation of these glasses is an 
extraordinarily difficult and tedious proc- 
ess, and their availability from the pre- 
vious work was of inestimable value in 
the present studies. 

Further detaiis of procedure designed 
to reach specific ends will be given as 
occasion requires. 


APPARENT UNBROKEN SERIES OF SOLID 
SOLUTIONS AT HIGH TEMPERATURES 


In the dry way, glasses of the composi- 
tion of the alkali feldspars refuse to yield 
a completely crystalline product at any 
temperature, even if the duration of 
crystallization is measured in years. 
Without completely crystalline mate- 
rial, temperatures of beginning of melt- 
ing cannot be determined. Partial crys- 
tallization can, however, be realized, with 
sufficient patience and persistence, and 
on the partially crystallized material 
temperatures of completion of melting 
(liquidus) can be determined. The results 
are given in the companion paper of 
Schairer. The best interpretation of the 
results is that soda and potash feldspars 
form a complete series of solid solutions, 
of the type with a minimum-melting 
composition, the diagram being compli- 
cated toward the potash-rich side by the 
incongruent relations resulting from the 
separation of leucite. However, three 
compositions give an identical liquidus 
temperature, within the error of meas- 
urement, and the possibility remains 
that we are dealing, not with a very flat 
minimum, but with a eutectic, which 
would necessitate a hiatus in the solid- 
solution series. Further evidence is de- 
sirable, and, indeed, conclusive evidence 
is found through studies in the presence 
of water. 

When glasses of the system are crys- 
tallized at goo C. under a pressure of 


THE SYSTEM NaAlSi,Oy-KAISi,Oy-H,O 491 


water vapor of 300 kg/cm’, complete 
crystallization of all compositions is read- 
ily attained. It is now possible to meas- 
ure various physical properties on these 
crystalline products of known composi- 
tion and to determine the change of 
properties with composition. 

The X-ray powder charts obtained by 
means of the Phillips X-ray spectrometer 
show a continuous change with composi- 
tion. A series of these is shown in figure 1. 
The continuity is even more convincingly 
shown in a series made up of more closely 
spaced compositions; but for a quantita- 
tive test we selected for accurate meas- 
urement with the aid of the counting cir- 
cuit one of the maxima or “peaks”’ on the 
chart which has a position corresponding 
with a 24 value of about 21° for potash 
feldspar and about 22° for soda feldspar 
(for CuKa radiation) and measured its 
position for thirteen intermediate com- 
positions. The absolute position of the 
peak for each composition was deter- 
mined by mixing with the feldspar pow- 
der some olivine powder, which has a 
peak corresponding with a 26 value of 
about 23°, and determining the differ- 
ence between this olivine peak and the 
feldspar peak under investigation. The 
olivine peak was, in turn, calibrated 
against a quartz peak having a 2@ value 
of about 20°85, which is somewhat too 
close to the values for the potash-rich 
feldspars to permit the use of quartz as 
a direct reference material for all the 
feldspars, although it could be used 
directly for all but those richest in pot- 
ash. The reflection angles were trans- 
formed into spacings of the (301) planes 
in the feldspar crystals,? which are, in 
accord with the above considerations, 
referred to the (10To) spacing of quartz 
taken as 4.2549 A. The values are plotted 


* The plane was indexed by using the results of 
Taylor (1933) on natural sanidine. 
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X-ray diffraction charts of alkali feldspars crystallized at 
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in figure 2 against the composition of 
the feldspar in weight per cent. They ex- 
hibit a linear relation. Because the 
change of composition is the result of 
substitution of K* for Na*, which is the 
same as substitution of KAISi,O, for 
NaAlSi,Os, for any consideration of 
fundamentals, the values should pre- 
sumably be referred to composition ex- 
pressed in mol per cent. So plotted, there 
is appreciable departure from the linear 
relation. However, all the compositions 
were made up in weight per cent, and a 
linear diagram is so convenient that we 


tions was obtained by crystallizing at 
goo®. At low temperatures very different 
results are obtained; but, before describ- 
ing these, we shall first consider further 
evidence indicating the existence of a 
complete series of solid solutions at high 
temperatures. This comes from the de- 
termination of the melting relations in 
the presence of water vapor at high pres- 
sures. As has been stated already, only 
the liquidus curve can be determined in 
dry melts, and some doubt is left as to 
the exact relations between the feldspars, 
but the determination of both solidus and 
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Fic. 2.— Spacing of (301) planes in a series of alkali feldspars crystallized at goo” C. and 300 kg/cm? 


pressure of H,0. 


retain it in that form. The continuous 
change of spacing from one end-member 
to the other seems to be satisfactory evi- 
dence of complete solid solution. The 
error of measurement of 26 for any com- 
position is somewhat less than 2 per cent 
of the total change of 26. The possibility 
of the existence of two curves of different 
slope, with a hiatus in which two feld- 
spars exist, is not suggested by these re- 
sults. To be sure, the peaks for two feld- 
spars close together in composition are 
not resolved, but the resultant peak is 
broadened, and no evidence of this effect 
was detected in any composition. 

It will be recalled that the foregoing 
apparently complete series of solid solu- 


liquidus, which is readily accomplished 
under pressure of water vapor, leaves 
little room for doubt. The foregoing X- 
ray data, obtained on crystals of known 
composition, were of great service in 
establishing the solidus curves at dif- 
ferent pressures, as we shall see. 


THE EQUILIBRIUM DIAGRAMS AT VARIOUS 
PRESSURES OF WATER VAPOR 


We have found it convenient to inves- 
tigate equilibrium at isobars, that is, to 
work at constant pressure with various 
compositions and then to repeat at other 
constant pressures. Such procedure yields 
diagrams that are so simply related to the 
“binary”’ diagram for the dry melts that 
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they are readily understood. Indeed, the 
diagram for the dry melts is itself the iso- 
baric diagram for the pressure of water 
vapor in the atmosphere, which is, for 
practical purposes, zero. 

In an individual run with any mixture 
the initial material was always a glass of 
known composition. By experience it was 
found necessary to grind the glass very 
fine and then to crystallize at a tempera- 
ture of 700° and 1,000 kg/cm’ water 
pressure for 30 minutes to 1 hour. This 
procedure gave a very fine-grained, com- 
pletely crystalline product of uniform 
composition for all alkali feldspar mix- 
tures. The uniformity of composition was 
determined with the X-ray spectrometer, 
which gave only one sharp (201) peak for 
each mixture so treated. If this prelimi- 
nary crystallization was carried out at a 
higher temperature, large crystals grew 
in the glass, and their size greatly de- 
layed the attainment of equilibrium in 
the subsequent run. If the glass was not 
ground to a very fine powder, very large 
crystals grew, even at 700°, and again 
there was the same difficulty in the sub- 
sequent run. If crystallization was car- 
ried out below 700°, two feldspars re- 
sulted, as indicated by the presence of 
two peaks for (3o1). But, by following 
the procedure indicated and obtaining a 
very fine-grained product consisting of 
one feldspar of uniform composition, it 
was possible with this material to deter- 
mine the temperature of beginning of 
melting, the temperature of completion 
of melting, and other relations to be men- 
tioned. This was accomplished by hold- 
ing the charge thus pretreated at con- 
stant temperature and pressure for the 
desired period, quenching it, and then 
examining the product with the petro- 
graphic microscope and the X-ray spec- 
trometer. For all runs the charge was 


N. L. BOWEN AND 0. F. TUTTLE 


approximately 10 mg. in weight. The 
results of the runs are set forth in table 1 
and are shown diagrammatically in 
figure 3. 

The figure speaks for itself, and little 
comment is needed. However, some fur- 
ther details of procedure may now be 
given that are more readily appreciated 
with the aid of the diagrams. The liqui- 
dus curve for each pressure is, of course, 
determined by finding for each feldspar 
composition the temperature at which 
the last crystals disappear. The solidus 
curve is determined by finding the tem- 
perature at which the first liquid appears. 
At one composition the two curves coin- 
cide, and at this composition both liqui- 
dus and solidus curves have a tempera- 
ture minimum. For all other composi- 
tions there is a temperature difference 
between the two curves which is the melt- 
ing interval for that feldspar composi- 
tion. A charge held in this interval gives 
crystals and glass upon quenching, the 
glass having the composition (in propor- 
tions of the feldspar components) indi- 
cated by a point on the liquidus curve at 
the temperature of the run and the crys- 
tals having the composition given by the 
point on the solidus curve at the same 
temperature. This fact enables the fixing 
of the solidus curve much more accu- 
rately than it could be fixed merely by 
observing the temperature at which liq- 
uid first appears, for it is difficult to de- 
tect a small proportion of glass in a fine 
crystalline aggregate. It is necessary only 
to hold a charge at a measured tempera- 
ture in the melting interval, quench it, 
and then determine the composition of 
the crystals by means of the X-rays, us- 
ing the straight-line relation of figure 2. 
A point on the solidus for the tempera- 
ture of the run is thus determined. This, 
which may be termed the “composition 
method,’ is much more accurate than 


TABLE 1 


RESULTS OF QUENCHING EXPERIMENTS ON ALKALI FELDSPAR COMPOSITIONS 
AT VARIOUS TEMPERATURES AND PRESSURES OF WATER VAPOR 


Liguipus SoLipus 


| Time | 


mp. 
Temp Result (Hours) Result 


Paw = 500 Kg (Cm 


All glass | 50 920 


All xls (feldspar) 


921 | 72 | Glass and xls (Ab,) 
70... goo | 24 All xline | 60 910 72 | Glass and xls (Ab,,) 
80 goo | 70 | All xline 65 go2 72 | Glass and xls (Abs,) / 
80 930 | 48 | Glass and rare xls 7° 025 | 36 | Glass and xls (Ab,,) 
80 930 20 | Glass and xls (Abs) 
=t,000 Kg /Cm 
| | | 
72 | Glass and trace xls 80 862, | 20 | Glass and xls (Abs,) 
100 880 20 All xls 7° 844 | 20 Glass and xls (Ab.,) 
85 885 20 | All glass 60 | a | Glass and xls (Ab,,) 
85 875 20 Glass and xls 50 | 854 | 20 | Glass and xis (Ab,,) 
85 850 20 All xls 50 880 72 | Glass and xls (Ab,,) 
80 862 | 20 | Glass and xls | 30 885 | 7o | Glass and xls (Abi) 
7° 855 72 All glass | 415 | 930 | 20 | Glass and xls (Ab) 
70 844 20 | Fo pe and xls | 415 gio | 20 Glass and xis (Ab,) 
7 840 72 All xls i} 
60 880 7 All glass i} 
60 855 7o | Glass and rare xls | 
50 goo | 20 | All glass 
50 880 | 72 | Glass and rare xls 
50 854 | 20 Glass and xls 
4° 920 12 All glass 
40 goo | 12 | Glass and xls 
30 965 24 Glass and rare xls 
30 047 12 | Glass and xls 
30 930 | 20 Glass and xls | | 
30 goo | 20 | Glass and xls 
25 1,000 2 | Glass and leucite xls | 
25 980 2 Glass and leucite xls | | 
15 1,000 2 Glass and leucite xls || 
15 g8o 3 | Glass, leucite, and feld- | 
| 
15 930 20 Glass and feldspar 
° 1,000 4 | Glass and leucite 


‘Pwo = 2,000 Kg /Cm 


Glass and rare xls Glass and xls (Aba) 


70 790° 12 All glass 70 707 | #72 All xls 

60 805 18 | Glass and xls 70 780 =| «20 | Glass and xls (Ab,») 
60 820 18 | All glass 60. . | 770 | 20 | Allals 

50 835 | 16 , Glass and xls 60 795 | 70 | Glass and xis (Ab,,) 
50 850 17 All glass || 60 778 | 20 | Glass and zis (Abs) 
40 860 6 | Glass and xls 50 825 | 20 | Glass and xls (Ab,.) 
40 875 4 | Allgiass 5° 832 20 | Glass and xls (Aby,s) 
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Table 1—Continued 


SOLVUS (Py. =1t,coo Kg Cm: 


Compr 
Pre Cent) 
Ab 


(Wr 


Time 
(Hours) 


Resucr 


All Charges Initially Glass 


38 


Sharp peak (1 feldspar) 

Sharp peak (1 feldspar) 

Broad peak (2 feldspars) 

2 equal peaks (2 feldspars) 

2 feldspars (Ab,, and Abs) 
2 feldspars (Ab,,; and Ab,,) 


Charge Initially Crystallized as Single Feldspar 


the temperature method of determining 
the solidus. 

The minimum on the solidus (and liq- 
uidus) curve is determined by applying 
the same principle. It is clear from a 
glance at the equilibrium diagrams that 
the lower part of the solidus is so flat that 
only a very rough approximation to the 
composition of the minimum could be 
reached by the temperature method. On 
the other hand, the minimum can be 
located very accurately by the composi- 
tion method. If the composition chosen 
for investigation lies to the right of the 
minimum, the crystals move in composi- 
tion to the right as melting proceeds; if 
the composition lies to the left of the 
minimum, they move to the left; and if 
it lies at the minimum and is heated for 
a period of time which is insufficiently 
long for complete melting, the composi- 
tion of the crystals remains as it was ini- 
tially. Actually, it was found that crys- 
tals with 70 per cent soda feldspar melt 
without measurable change of composi- 
tion at both 1,000 and 2,000 kg cm’ 
pressure of H,O; but in all other com- 


2 feldspars (Ab, and Ab,s) 


positions the crystals change in composi- 
tion in one direction or the other, accord- 
ing to composition, as indicated above. 
The composition of the minimum is 
therefore placed at this value for both 
these pressures. The actual minima could 
depart from one another by about 2 per 
cent without our being able to detect the 
departure with certainty, but not by any 
significantly greater value. 

Now in the diagram for the dry melts 
there are three compositions, 60, 65, and 
7° per cent soda feldspar, all of which 
melt at 1,063°, within the limits of error 
of measurement, and it was natural, 
therefore, to place the minimum at the 
intermediate value, 65 per cent. The 
difficulties of experimentation with the 
dry melts are so great and the placing of 
our minima at both pressures at 70 per 
cent has so small a probable error that 
we at first supposed that the minimum 
probably should be at the same value in 
the dry melts also. In order to test this 
possibility, we made a run with the 70 
per cent composition at a low pressure of 
water vapor (soo kg cm’). It was found 
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that at this pressure the 70 per cent com- 
position is to the right of the minimum, 
for the crystals now move unmistakably 
to the right. Accordingly, it must be sup- 
posed that the 65 per cent composition 
actually is very close to the minimum for 
the dry melts. 

The composition of the minimum thus 
behaves in much the same manner as the 
temperature of the minimum. With the 
first increments of water pressure, the 
minimum changes in composition rather 
markedly, but with increasing pressure 
the change falls off rapidly. 

The similar behavior of the tempera- 
ture of the minimum is brought out in 
the equilibrium diagrams, but some com- 
ment may be desirable. The first 1,000 
kg/cm? water pressure lowers the mini- 
mum about 220°, but an additional 1,000 
kg/cm? gives a further lowering of only 
73°. Although we did not determine a 
complete diagram at 500 kg/cm? pres- 
sure, we did determine (in addition to 
the composition relations at the mini- 
mum just noted for this pressure) the 
temperature of the minimum. Here the 
lowering is 160°. From these figures it is 
clear that the lowering effect for equal 
increments of pressure rapidly decreases 
with increasing pressure. 


WATER CONTENT OF THE LiQUID PHASE 


The lowering of melting temperatures 
of the feldspars under pressure of water 
vapor is, of course, due to the solution of 
water in the liquid phase. Pressure as 
such raises the melting temperatures of 
the alkali feldspars. Our determinations 
of the content of water dissolved in the 
glass do not give altogether consistent 
results. The discrepancies are, we believe, 
due in part to the fac. that we have not 
succeeded in obtain .. charges entirely 
free from bubbles. .... bubbles are not 
formed by release of water vapor from 
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solution in silicate liquid during the 
quench, for in such a case the whole 
charge would be greatly expanded and 
would be jammed in the stellite cylinder. 
This does not occur except in rare runs, 
where a leak has developed. Ordinarily 
the charge readily falls out of the metal 
cylinder when it is inverted and is sub- 
stantially the same size as it was ini- 
tially. We can only conclude, therefore, 
that the bubbles are water which entered 
into the interstices of the initially pow- 
dered charge. As a result of surface ten- 
sion or other effects, the bubbles have 
never been entirely liberated from the 
liquid. These, therefore, constitute an 
addition to the quantity of water ac- 
tually dissolved in the glass. Viewed at 
room temperature under the microscope, 
the bubbles have two phases, liquid and 
vapor, in roughly equal volume, and the 
weight of water in the bubbles is not neg- 
ligible. An additional source of error is 
connected with the fact that water dis- 
solves in the silicate glass very slowly, 
and some of our runs may not have been 
long enough. Error from this cause would 
give low values. In general, because the 
charge itself weighs only 10 mg., the ac- 
curacy of our results is not high. In the 
case of the albite end-member, we can 
compare our results with those of Goran- 
son, which themselves cannot be entirely 
free of error from these or other causes. 
Goranson (i938, p. 82) obtained 5.8 per 
cent as the average of two determina- 
tions of water in albite liquid at g1o0° and 
1,007 bars; but, on the basis of a calcu- 
lated curve passed through all his values, 
including those for higher pressures at 
this temperature, he accepts a value of 6 
per cent. At goo° and 1,000 kg/cm? pres- 
sure we obtained a value of 5.6 per cent 
water, but the charge still contained a 
small proportion of crystals, and there- 
fore this value should be somewl.at low. 


At 910° and 1,000 kg/cm’ pressure we 
obtained a value of 6.9 per cent, which is 
probably high. The agreement between 
our results and Goranson’s is, therefore, 
satisfactory, if one is content with that 
degree of approximation. The accurate 
determination of the amount of water 
dissolved in these silicate melts would be 
a major research, which must await a 
future time. We have made only a few 
determinations, and of these we present 
only those just mentioned and those ob- 
tained on the minimum-melting mixture 
(70 per cent NaAlSi,Os) at the two pres- 
sures 1,000 and 2,000 kg/cm? and at a 
temperature only a few degrees above 
its liquidus. The best values appear to be 
for p = 1,000 kg/cm’, ¢ = 854°, water 
content = 7.5 per cent; and p = 2,000 
kg/cm’, ¢ = 785°, water content = 9.0 
per cent. For such intermediate composi- 
tions there are no determinations by 
others available for comparison, but the 
values are consistent with those ob- 
tained by Goranson on NaAlSi,Os and 
KAISi,Os separately, when allowance is 
made for the fact that, at the liquidus at 
any pressure, the amount of water dis- 
solved in the liquid should be higher at 
the composition of the minimum-melting 
mixture than in the end-components. 


THE LEUCITE FIELD 


Leucite is the primary phase in the 
composition KAISi,Os and is the stable 
phase in contact with liquid through an 
interval of upward of 400°. It is not sur- 
prising, therefore, that the field of leu- 
cite extends far out on the feldspar join. 
Actually, it extends to 51 per cent albite 
in the dry melts, as is shown in figure 3. 
Goranson found that, in KAISi,Ogs, water 
greatly diminishes the temperature in- 
terval in which leucite forms. At 1,000 
kg/cm? pressure of water the interval is 
reduced to about 135°. In correspondence 
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with this, we find that the leucite field 
extends only to 29 per cent albite at 1,000 
kg/cm’. At 2,000 kg/cm*-pressure of wa- 
ter, the leucite field is reduced to very 
small dimensions, so that nearly the 
whole feldspar diagram shows simple 
congruent relations. According to Gor- 
anson’s determination, at or near 2,500 
kg/cm? pressure of water, the leucite field 
is suppressed entirely in KAISi,Os. At 
this pressure of water, therefore, the 
whole feldspar diagram should become 
simple, but we have not thought it neces- 
sary to confirm this, since the trend is 
clear. 
THE SOLVUS 

As has been indicated on an earlier 
page, when alkali feldspar glasses are 
crystallized at low temperatures with 
water vapor under pressure to facilitate 
crystallization, instead of a single homo- 
geneous feldspar, two feldspars are 
formed. This fact is established from the 
observation that two maxima or peaks 
of X-ray reflection from (301) are shown; 
and by measuring the exact position of 
these peaks by means of the counting cir- 
cuit and referring them to the linear 
relation of figure 2, the composition of 
the two feldspars in equilibrium at any 
temperature can be determined. It fol- 
lows that a homogeneous feldspar formed 
at high temperatures should unmix at 
lower temperatures, a relation which was 
long ago deduced from natural materials 
(perthites), but now we have a means of 
establishing the position of the unmixing 
curve or solvus. 

The solvus is shown in each of the dia- 
grams of figure 3. Unlike the solidus and 
liquidus curves, the solvus does not 
change its position measurably with 
change of pressure of water vapor be- 
cause water does not participate in the 
equilibria involved at the solvus, whereas 
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it does participate in the solidus-liquidus 
equilibriums by entering into the com- 
position of the liquid phase. Pressure as 
such has, of course, some effect on the 
solvus, but the magnitude of the effect is 
relatively very small because it depends 
on the volume change attending mutual 
solution (solid solution) of the two feld- 
spars and this volume change is small. 
The three diagrams of figure 3 show 
that, unless some new factor intervenes— 
for example, critical phenomena—-there 
will be a pressure of water vapor which 
will lower the solidus-liquidus curves to 
temperatures at which they will intersect 
the solvus. At this isobar and for all iso- 
bars corresponding to higher pressures, 
the feldspar diagram will cease to be one 
showing complete solid solution. Instead, 
there will form two series of solid solu- 
tions with a hiatus and a eutectic or a 
reaction relation, depending on the man- 
ner of encounter of the solidus and sol- 


vus. The indication: are that it will first 


be areaction relatio., hich at still higher 
pressures gives way to a eutectic relation. 

The solvus has its maximum tempera- 
ture at 660° + 10°, at a composition close 
to 55 per cent soda feldspar. Thus 660° 
is the minimum temperature of stable ex- 
istence of a feldspar of that composition, 
and each composition of feldspar has its 
own minimum temperature of stable ex- 
istence at which it will, if opportunity for 
equilibrium prevails, begin to break up 
or unmix into two feldspars. These de- 
part more and more widely from each 
other in composition as the temperature 
falls. Of course, when crystallized at 700° 
or higher, any feldspar can be cooled 


rapidly to room temperature and will , 


remain a single homogeneous feldspar 

indeed, that is the method whereby we 
determined that a complete series exists 
at 7oo° and higher. But if any feldspar 
is held at a temperature where it should 
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form two feldspars, as indicated by the 
solvus, unmixing will occur in a period of 
a few days if water vapor under pressure 
is present to facilitate mobility. This 
behavior confirms the results obtained by 
direct crystallization of glass at various 
temperatures, which is the method 
whereby the solvus was determined. The 
presence of two feldspars in the product 
obtained by thus inducing unmixing 
from an originally homogeneous feldspar 
cannot, to be sure, be observed with the 
petrographic microscope. inter- 
growth is submicroscopic and is revealed 
only by the X-rays. 

An intergrowth of two feldspars thus 
obtained by unmixing from a single feld- 
spar can be rehomogenized by heating 
for about 24 hours at 700° even in the 
absence of water vapor, and at higher 
temperatures homogenization is accom- 
plished in shorter times as, for example, 
in 1 hour at 950°. 

The mixing and unmixing ~f alkali 
feldspars is thus readily reversib.e, as is 
shown by the behavior of these submi- 
croscopic intergrowths, and their be- 
havior is altogether in accord with the 
determined solvus. There is, however, 
one feature of the solvus as thus deter- 
mined in the laboratory that must now 
be emphasized. It is the possibility that 
at least some part of our solvus may per- 
tain to metastable equilibrium. All the 
feldspars obtained synthetically in these 
studies are high-temperature varieties, 
and the solvus is the unmixing curve of 
these high-temperature feldspars. At 
500°, for example, our solvus shows that 
the soda-rich feldspar has a composition 
approaching that of pure albite. It is, 
however, possible that the soda-rich 
feldspar stable at 500° is the low-tem- 
perature variety and not the high-tem- 
perature form which we obtained. It is a 
common experience with silicates to ob- 
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tain a high-temperature form metastably 
at low temperatures. The only indication 
that we have as to the inversion tempera- 
ture of albite was obtained by finding 
the lowest temperature at which natural 
low albite could be transformed to high 
albite with the aid of a flux, a procedure 
which gave 700°. From this evidence it 
can only be said that the inversion is not 
higher than 700° but that it could be 
lower. If it is as low as 500°, then our 
solvus, as determined down to 500°, rep- 
resents stable equilibrium. If the inver- 
sion is really as high as 700°, then the 
lower-temperature part of the soda-rich 
limb of the solvus may refer to metasta- 
ble equilibrium. 

However, even if the inversion of al- 
bite is as high as 700°, it is not necessary 
that any part of the soda-rich limb of 
our solvus should be metastable. It is 
highly probable that the addition of pot- 
ash feldspar to albite will lower its in- 
version temperature, for, almost cer- 
tainly, potash feldspar will be less solu- 
ble at any temperature in low albite than 
in high albite. A quite probable form of 
equilibrium diagram would therefore be 
one such as that given in figure 4. In this 
we have retained all our determined 
solvus and yet placed the albite inversion 
at 700°. There are also some complica- 
tions in connection with the potash-rich 
limb of our solvus, as we shall see when 
we turn to natural feldspars. 


BEHAVIOR OF NATURAL ALKALI 
FELDSPARS 

It has long been known that, in rocks 
of appropriate composition which are 
believed on geologic grounds to have 
crystallized at high temperatures, a 
single feldspar with high content of both 
alkalis is normally found, whereas in 
rocks believed to have formed at low 
temperatures a soda-rich feldspar and a 


~ 


potash-rich feldspar are found side by 
side. These observations, together with 
other supporting evidence to be men- 
tioned, have led to the conclusion that 
the alkali feldspars form a nearly, if not 
entirely, complete series of solid solutions 
at high temperatures but have only lim- 
ited miscibility in the crystal state at low 
temperatures, a conclusion now demon- 
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Fic. 4.—A completion of the sodic end of the 
alkali-feldspar diagram, showing the probable re- 
lations of high and low albite. 


strated to be true by our investigation of 
synthetic feldspars. 

The existence in nature of perthitic, 
microperthitic, and cryptoperthitic in- 


tergrowths of the two feldspars sup- 


ported the early conclusion and _ indi- 
cated also that even when a homogeneous 
feldspar is first formed it may unmix in 
the solid state at lower temperatures, 
giving an intergrowth of the two feld- 
spars. X-ray studies have served to re- 
veal the fact that two feldspars exist in 
the “crypto” varieties of these inter- 
grown feldspars, such as the moonstones 
(Kozu and Endo, 1921); and by heat 
treatment some investigators (Kozu and 
Endo, 1921; Spencer, 1930, 1937) have 
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shown that the feldspars will again form 
a homogeneous solid solution. 

These conditions and changes of con- 
dition are all readily produced in the syn- 
thetic feldspars, as we have seen, and we 
have been able, in addition, to determine 
by the X-rays the composition of each of 
the feldspars in the synthetic inter- 
growths. This, too, we have been enabled 
to do with the natural crypto-inter- 
growths, and it is somewhat astonishing 
to find that a sanidine or an orthoclase 
which appears to be a single feldspar un- 
der the highest powers of the microscope 
and gives the optical properties ordi- 
narily regarded as those of a homogene- 
ous feldspar may nevertheless be an in- 
tergrowth of nearly pure end-members, 
as revealed by X-rays. Using rotating- 
crystal photographs, Chao, Smare, and 
Taylor (1939) have found that crypto- 
perthites give spots corresponding with 
pure or nearly pure albite and ortho- 
clase. Oftedahl (1948) has also deter- 
mined the approximate composition of 
the two feldspars in cryptoperthites by 
the rotating-crystal and Weissenberg 
methods. 

We must now emphasize, however, 
that, when examined further, the actual 
relations in the natural feldspars are con- 
siderably more complex than those in our 
synthetic analogues. These latter, 
throughout all the changes to which we 
have subjected them, retain their char- 
acteristics as high-temperature feldspars. 
The only change that a synthetic inter- 
growth suffers on heating is homogeniza- 
tion, which is presumably accomplished 
merely by mobilization and diffusion of 
the cations. 

The natural intergrowths, on the other 
hand, are, in many instances, low-tem- 
perature feldspars. When these feldspars 
are heated, the cations are readily mo- 
bilized, and they give, within certain 
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limits of composition, a homogeneous 
feldspar after a short period of heating; 
but the feldspar so produced is quite dif- 
ferent from one grown at a high tempera 
ture or produced by re-homogenizing an 
intergrowth of two high feldspars. The 
optical relations of these natural feld- 
spars heated only for the short period 
adequate for homogenization are those 
characteristic of low feldspar. Spencer 
(1930, 1937) has made an excellent de- 
tailed study of these relations, and our 
results on natural feldspars are in sub- 
stantial confirmation of his. Only after 
prolonged heating at temperatures but 
little below its melting temperature can 
a homogenized natural feldspar of the 
low-temperature variety be transformed 
into a feldspar having the optical proper- 
ties of a high-temperature feldspar. This 
change is presumably accomplished by 
mobilization of other atoms (ions), 
namely, Si and Al, giving a disordered 
condition, their mobilization being much 
less readily induced than that of the cat- 
ions. Our X-ray studies enable us to add 
a little to the information obtained by 
Spencer, but the details must await a 
later communication. 


GENERAL CONSIDERATIONS ON 
EQUILIBRIUM 


Goranson (1938) has given us a very 
complete study of equilibrium between 
soda-feldspar crystals and liquid (melt) 
under various pressures of water vapor 
up to nearly 3,000 kg cm’. In figure 5 is 
given a theoretical completion of the 
PTX diagram (in the three projections 
PT, PX, and TX) for water-NaAlSi,Ox, 
which embodies his determinations. The 
figure shows the conventional critical 
end-points P and Q, whose exact loca- 
tions are, of course, quite unknown; but 
the plain trend of Goranson’s results in- 
dicates that, no matter how high the 
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Fic. 5.—-Theoretical completion of the PT, PX, and 7X diagrams for NaAlSi,Os-H,O. Only the heavy 
portions of curves are based on determinations (Goranson). P and Q are the first and second critical end- 
points. In the 7X projection, 74,—Q (clockwise) gives the composition of all liquids and 7,,—Q (anti- 
clockwise) gives the composition of all vapors in equilibrium with albite crystals. In the PX projection 
Ab—Q (anticlockwise) gives the composition of all liquids and Ab—Q (clockwise) gives the composition of 
all vapors in equilibrium with albite crystals. 
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pressure, the amount of water that can 
be dissolved in NaAlSi,Ox liquid is not 
much greater than the amount dissolved 
at 3,000 kg/cm’. This fact is indicated in 
the PX projection, albite-rich liquids 
ending at the critical end-point Q at 
some 12 or 13 per cent water. Liquids ap- 
pear again only at the critical end-point 
P, far over on the water-rich side of the 
diagram. There is, therefore, a wide com- 
position interval in which no liquid solu- 
tions exist. Goranson’s demonstration of 
a similar reluctance of water to dissolve 
in granitic liquid has led to the statement 
by Smith (1948, p. 536) that Goranson 
has demonstrated that water and granite 
exhibit “fluid immiscibility.’’ This state- 
ment could readily lead the reader to be- 
lieve that he refers to the coexistence of 
two liquid phases, especially in view of 
the sequel. Actually, there is no condi- 
tion under which two liquid phases can 
coexist in the PTX diagram (fig. 5) for 
albite-water as here drawn, and this is 
the most likely interpretation of the full 
diagram. The relations between water 
and granite, at least the granite used in 
Goranson’s experiments, are the same. 
It should be noted, however, that these 
considerations do not mean that no solu- 
tions exist in the PT interval between P 
and (). There are fluid solutions in that 
interval; but, because there are not 
liquid and vapor both, not enough phases 
are present for univariancy. Accordingly, 
no univariant curve crosses the interval 
between ? and Q in the PT diagram. 
With this interpretation of NaAlSi,Os- 
water equilibria before us, we may pass 
to a consideration of our present system. 
For convenience we may, for the mo- 
ment, neglect the incongruent melting 
of KAISi,O, and assume that it would 
give a diagram with water analogous to 
that for NaAlSi,Os. Then in the ternary 


system we would have the relations 
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shown in the two diagrams of figure 6, the 
one a PX and the other a 7X diagram. 

In discussing equilibrium between 
crystals and liquids in a dry system, it is 
customary to speak of a liquidus surface 
or a fusion surface, but in a system with 
water these terms are not entirely satis- 
factory. In such a system interest is fo- 
cused upon a very special fusion surface, 
namely, that representing the composi- 
tion of liquids in equilibrium at any tem- 
perature, not only with crystals but with 
water vapor. For the surface representing 
liquids that are thus saturated both with 
crystals and with water vapor, the term 
“saturation surface” is an appropriate 
designation. The general form of the 7X 
saturation surface is shown in the 7X 
diagram of figure 6. There is an infinite 
number of liquidus or fusion surfaces 
lying between the saturation surface and 
the liquidus surface for an extremely 
small water content in the liquid, each 
representing a definite water content, 
varying from nearly zero up to the satu- 
ration value. 

In the foregoing remarks we have 
emphasized the temperature aspects of 
saturation because it is easy to pass to 
them from the familiar considerations 
applicable to dry melts. But saturation 
has pressure aspects as well, and the PX 
diagram of figure 6 shows the PX satura- 
tion surface. A knowledge of these two 
saturation surfaces, or at least the perti- 
nent parts of them, is necessary for a dis- 
cussion of courses of crystallization. For 
an understanding of the general rela- 
tions, reference should be made to the 
legend of figure 6. 


ISOBARS AND ISOTHERMS ON THE SATU 
RATION SURFACES, AND THE COURSES 
OF CRYSTALLIZATION 
The PX and the 7X surfaces are ut 
terly unlike and are not usable in them- 


selves, but one can obtain a most useful 
diagram by projecting them, or that part 
of them which has been experimentally 
determined, upon the composition tri- 
angle, representing the one by isotherms 
and the other by isobars. This has been 
done in figure 7, which enables one to 
describe completely the crystallization 
of any liquid within the limits of our de- 
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Actually, the “composition triangle”’ 
here presented is really only a part of 
that triangle, and it is constructed in an 
unusual manner, which requires some 
description. Although it is customary to 
represent ternary compositions on an 
equilateral triangle, it is well known that 
one can use a triangle of any shape what- 
ever with co-ordinates drawn parallel to 


Fic. 6.—Schematic 7X and PX diagrams for the system Ab-Or-H,0, to aid in the understanding of 
figure 7. T4.-To.-Qor-Qa» is the temperature saturation surface of alkali feldspar crystals, and Ab-Or- 
Qo -Oxy is the pressure saturation surface of those crystals. 


terminations. The isobaric sections that 
are presented in figure 3 and represent 
the simplest experimental approach to 
the solution of the problems of the sys- 
tem nevertheless do not serve to describe 
crystallization completely because the 
water content of the liquid is not shown 
in such sections, although it was, of 
course, the data shown in these sections 
plus the determination of water in the 
quenched glasses that enabled us to con- 
struct figure 7, showing saturation isobars 
and isotherms on the composition tri- 
angle. 


its sides. For the present purpose it is 
convenient to use a triangle in which the 
water ordinate is greatly exaggerated, 
and, accordingly, we have constructed 
an isosceles triangle with an altitude five 
times that of an equilateral triangle. 
Water is plotted at its apex, and one of 
the feldspars at each end of its base. Of 
this triangle we show only the lower por- 
tion in figure 7 because it is the only por- 
tion required to represent the experi- 
mental results. The proportion of water is 
read in the ordinary manner with the aid 
of lines parallel to the base, but, as it is 
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desirable to know the feldspar propor- 
tions apart from water content, instead 
of drawing co-ordinates parallel to the 
other two sides of the triangle, lines 
radiating from the H,O apex are drawn. 
With their aid the feldspar proportions 
represented by any point can be read 
directly, whatever the water content 
may be. 

The isobars and isotherms are then 
plotted with the aid of the data on which 
the diagrams in figure 3 are based and 
also the determined water contents of 
the liquids (glasses), including Goran- 
son’s determinations. The significance 
of these curves is simply stated. The iso- 
bar of 1,000 kg/cm’, for example, repre- 
sents the composition of all liquids that 
are saturated with feldspar crystals and 
with water vapor at a pressure of 1,000 
kg/cm?, and an isotherm, for example, 
that for 950°, represents the composition 
of all liquids that are just saturated with 
feldspar crystals and water vapor at 
950°. Tie-lines may now be added, join- 
ing the composition of any liquid repre- 
sented by a point on an isobar with the 
particular feldspar in equilibrium with 
it. These tie-lines are given only for the 
1,000 kg/cm? isobar. An attempt to show 
them for more than one isobar would 
result in a confusion of lines. Figure 3 
supplies this information also, for hori- 
zontal lines on figure 3 are such tie-lines. 

The diagram (fig. 7) is now ready for 
use to describe the course of crystalliza- 
tion of a liquid (magma) of any composi- 
tion in the system. We shall bring out 
the principles involved by discussing 
crystallization of only one composition. 

Composition A contains NaAlSi,O; and 
KAISi,Os inthe relative proportions 45: 55 
with 2 percent H,O. We shall assume that 
a liquid of that composition exists under 
an externa! pressure of 1,000 kg/cm? and 
at an elevated temperature, say 1,060°. 
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Crystallization of this liquid will begin, if 
it is cooled, at approximately the tempera- 
ture of the isotherm passing through A. 
It will not be exactly at the temperature 
of that isotherm, because, as will be re- 
called, the isotherms locate a saturation 
surface, the liquids being saturated with 
both water vapor and crystals. At 1,000 
kg/cm? this liquid A is not saturated with 
water vapor, the saturation pressure be- 
ing about 400 kg/cm’. Accordingly, the 
temperature of initial crystallization at 
the higher pressure of 1,000 kg/cm? will 
be raised slightly above that indicated 
by the saturation surface. This effect of 
pressure in raising the crystallization 
temperature im the condensed system is 
small. Therefore, the liquid will begin to 
crystallize at a temperature slightly 
higher than that indicated by interpola- 
tion between isotherms on the satura- 
tion surface; but the actual difference is 
very small, and, for all practical pur- 
poses, isotherms on the saturation sur- 
faces can be used. 

Crystallization will therefore begin at 
approximately 1,000°. The first crystals 
formed will have the composition Ab,,; 
and, if the perfect equilibrium type of 
crystallization prevails, the first part of 
the course of crystallization is given by 
the curve AB. At B, which is a point on 
the 1,000 kg/cm’ isobar, the liquid is now 
saturated with water vapor. The tem- 
perature, now indicated precisely by the 
isotherm through B, is, by interpolation, 
850°. The position of the point B is 
determined by the tie-line (three-phase 
boundary) which passes through A. The 
mass now consists of liquid B, which 
contains nearly 7 per cent H,O, and 
crystals of Ab,.. The proportion of liquid 
to crystals is approximately 30:70. 

The assumed external pressure being 
1,000 kg/cm’, further abstraction of heat 
will result in boiling (vesiculation), ac- 
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companied by crystallization, and the 
composition of the liquid now moves 
along the isobar until the liquid has 
reached the point C, the temperature 
falling only a very little between B and 
C. At C crystallization will be complete, 
the mass having boiled dry and being 
made up entirely of crystals of composi- 
tion Ab,;. Compared with the rate of 
cooling during earlier stages, that during 
the boiling stage is so small that it may 
be referred to as semi-isothermal. It is to 
be noted that, during the period of boil- 
ing, the water content of the residual 
liquid increases slightly, but the amount 
of residual liquid decreases markedly, be- 
ing finally reduced to zero. The point 
indicating the total composition of the 
mass does not remain at A but migrates 
to the feldspar side of the diagram dur- 
ing the boiling. 

With crystallization of the perfect 
fractionation type, initial formation of 
crystals will be as above, but thereafter 
the liquid will follow the course ADE, 
boiling beginning at D, a significantly 
lower temperature than B, and both 
boiling and crystallization being com- 
pleted at £, which is the point of mini- 
mum temperature on the isobar (840°). 
The crystals in this case are continu- 
ously zoned, with compositions ranging 
from Ab,, to Ab,».. For a system similar 
to the present one the principles con- 
trolling crystallization by these two con- 
trasted methods are discussed in a theo- 
retical paper by Bowen (1941). 

The assumed pressure of 1,000 kg, cm? 
prevailing during the crystallization of 
the liquid A corresponds with the weight 
of overburden at a depth of 2.2 miles in 
the earth, assuming a rock density of 2.7. 
With the aid of figure 7, crystallization 
for a pressure and, therefore, a depth 
twice as great (2,000 kg/cm’) can be 
described in a similar quantitative man- 
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ner on the basis of our results. Indica- 
tions are that at a pressure twice as 
great again, namely, 4,000 kg/cm’, cor- 
responding with a depth of 8.9 miles, the 
general situation will not be greatly 
different, that is, that the boiling-away 
of the water in the last residual liquid 
will take place in a manner similar to 
that described. The only difference will 
be that the last liquid will persist to a 
significantly lower temperature (esti- 
mated by extrapolation to be approxi- 
mately 700°), and the content of water in 
the final liquid will probably be about 11 
per cent. No reliance could be placed on 
more extended extrapolation, and it is 
futile to attempt to estimate the pressure 
(and depth), if any, at which critical 
phenomena would intervene and the 
final liquid (fluid), instead of boiling, 
would pass into the vapor (fluid) state 
without change of volume or discon- 
tinuity of any kind, including compo- 
sition. 

In the foregoing discussion of crystal- 
lization it has been assumed that the 
vapor escapes from the system entirely, 
in which case the crystalline feldspar 
cools down indefinitely without under- 
going any change except the unmixing 
into two feldspars. If, however, the sys- 
tem were able to increase its volume 
say by arching its roof—and thus re- 
tained the vapor as the filling of miaro- 
litic cavities, then at a temperature 
around 400° or somewhat lower a liquid 
would form again. This is a liquid very 
rich in water (hydrothermal solution), 
but containing in solution some feldspar 
or, more probably, decomposition prod- 
ucts of the feldspar, as the relations are 
probably incongruent. A notable recrys- 
tallizing effect may be expected of this 
liquid, but, of course, the retained vapor 
itself, existing in the temperature in- 
terval between that of magmatic liquids 


and that of hydrothermal solutions, 
would also have a similar effect. The un- 
mixing of the feldspar to give two feld- 
spars is one phenomenon that would be 
notably facilitated by the presence of 
water in either form. 

The reverse process, the heating of 
feldspar to a high temperature in the 
presence of some water, has some sugges- 
tive significance in connection with the 
problem of palingenesis. In a feldspar 
mass under a load of 1,000 kg/cm?’ and 
with sufficient pore space to contain 2 
per cent water, the effects of heating 
would be the reverse of the cooling ef- 
fects described if the volume relations 
are correct, that is, if the pore space is 
such that the 2 per cent water by weight 
fills or nearly fills it. The feldspar being 
assumed, of course, to have the same 
composition (Ab,,) as that whose crys- 
tallization was discussed, a magmatic 
liquid will first form at C, and further 
melting will be the exact reverse of 
crystallization. Even a minute trace of 
water filling the pore space in such a 
feldspar mass would induce the forma- 
tion of a little magmatic liquid at C, the 
pressure again being assumed as 1,000 
kg/cm’. This liquid would, however, 
move along the isobar only a minute dis- 
tance from C and then would leave the 
isobar and go to higher temperatures, 
with solution of more feldspar. In other 
words, no more than a very small quan- 
tity of liquid is formed unless the tem- 
perature is raised well above that of 
point C. 


PETROLOGIC CONSIDERATIONS 


The present investigation of crystal- 
lization equilibrium of the alkali feld- 
spars confirms, with little room for 
doubt, the indications of dry-melt studies 
that these feldspars form a complete 
series of solid solutions of the type with 
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a minimum-melting member. Many pe- 
trologists have considered this relation 
the most probable, solely from examina- 
tion of the relations of the natural min- 
erals. There is one major feature of the 
natural minerals that seems incapable 
of explanation on this basis. The potash- 
rich feldspars formed at high tempera- 
tures in rocks —the sanidines—give every 
indication of monoclinic symmetry even 
when they contain 40-50 per cent of the 
soda feldspar. High-temperature albite, 
on the other hand, gives as good indica- 
tions of triclinic symmetry, and soda- 
rich alkali feldspars formed at high tem- 
peratures in rocks—anorthoclases—are 
usually so regarded also. We cannot 
resolve the difficulty but can only reiter- 
ate that the experimental results indicate 
complete solid solution. The crystals 
obtained synthetically are not of such 
quality as to enable one to decide on the 
crystal system. 

Some consideration has already been 
given to the crystallization of the syn- 
thetic mixtures with water and need not 
be enlarged upon here. Suffice it to say 
that the existence of the lowest-melting 
composition at 65-70 per cent NaAlSi,Ox 
agrees with the indications of natural 
rocks; and, viewed in reverse, the rela- 
tions of natural rocks approaching the 
synthetic mixtures in composition con- 
firm the view that crystal-liquid equilib- 
rium is the dominant control in the de- 
velopment of these rocks. It has long 
been argued that the presence of even 
moderate quantities of water in the niatu- 
ral magmas would completely change the 
relations found in dry melts, even to the 
extent of reversing the order of crystal- 
lization, and that studies of dry melts 
can therefore give no indication of the 
crystallization behavior of magma. No 
one having any real familiarity with 
equilibrium diagrams could adhere to 
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such views, and here we have a concrete 
illustration of the fact that the principal 
function of water is a fluxing one, in 
which capacity it is indeed very power- 
ful, but it affects equilibrium positions 
progressively and only moderately when 
present in moderate amounts. The result 
is that, in investigated compositions con- 
taining water up to 1o per cent, crystal- 
lization equilibria are nearly the same as 
in the dry melts except that they go for- 
ward at much lower temperatures. Wa- 
ter does have an outstanding effect on 
one equilibrium, and that is on the in- 
congruent melting of KAISi,Os. Only 
about 6 per cent H,O is sufficient to nul- 
lify this behavior, but its great fluxing 
power is probably at the root of this 
effect. Albite gives the same result even- 
tually, but it requires 50 per cent albite 
to prevent formation of leucite. The dif- 
ference is one of degree rather than of 
kind, but on this particular equilibrium 
the effect of water is indeed very great. 

Those intergrowths of the alkali feld- 
spars known as perthites, microperthites, 
and cryptoperthites have long been in- 
terpreted by petrologists as the result of 
the unmixing of a homogeneous solid 
solution. Our results confirm unmixing 
and supply information on its quantita- 
tive aspects, especially in indicating the 
minimum possible temperature of crys- 
tallization of a feldspar of a given com- 
position as discussed on an earlier page. 

It is not surprising that syenites and 
trachytes should be the principal abode 
of perthitic, and especially of microper- 
thitic and cryptoperthitic, feldspars. In 
such magmas there is practically no con- 
stituent that induces a lowering of the 
melting temperatures of the feldspars ex- 
cept the water content, and this must be 
rather high, in order to lower the whole 
crystallization range to such a tempera- 
ture that two feldspars will form 
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throughout the period of primary crys- 
tallization. Therefore, we may expect 
that the bulk of the crystallization of 
such rocks took place at a temperature 
where a single homogeneous alkali feld- 
spar is formed. This feldspar later un- 
mixes to give a cryptoperthite, or a 
coarser intergrowth, according to the 
rate of cooling. 

It should be noted, however, that if 
the pressure is high enough, that is, if 
crystallization takes place at sufficient 
depth in the crust, even a magma with a 
small initial percentage of water will 
eventually develop a residual liquid con- 
taining a notable amount. Thus a magma 
initially containing 1.2 per cent of water 
will have 12 per cent when the residual 
liquid is 10 per cent of the mass, unless 
notable amounts of water enter into hy- 
drous minerals. Although our studies 
have not yet been carried to high enough 
pressures to permit a positive statement, 
this is probably about the maximum 
content of water possible in the low- 
melting feldspar mixture, and the tem- 
perature is probably down to a value 
where two distinct feldspars crystallize 
directly from the liquid. 

At this stage the rate of heat flow from 
a deep-seated rock mass will be very 
small, and consequently the boiling- 
away of water and accompanying crys- 
tallization will proceed very slowly. The 
residual liquid, amounting at first to 10 
per cent and slowly decreasing from that 
value, will be present for an excessively 
long period. By virtue of its high water 
content, it is a very active liquid and 
may be expected to effect complete re- 
crystallization of the early-formed feld- 
spar, with formation of those with which 
it is in equilibrium. To be sure, if there 
is present only the feldspars and water, 
the temperature, while liquid persists, 
will never go far down into the range of 


THE SYSTEM 


two feldspars, that is, the feldspars will 
not be of extreme composition, but in 
the natural system residual liquids will 
have potent fluxes in addition to water, 
and this recrystallization may be ex- 
pected to be carried to significantly lower 
temperatures with the aid of residual 
liquid. Through this action the typical 
deep-seated syenite may be formed. It 
should be realized, too, that at very high 
pressures approaching critical end-points 
the vapor phase formed is not greatly 
different in composition from the liquid 
phase, as figures 5 and 6 show, and this 
vapor phase, filling minute interstices, 
will also induce recrystallization even 
after the exhaustion of all liquid. 

It is such vapors and the vapors boil- 
ing off at earlier stages that introduce 


material into surrounding rocks, with 
resultant “granitization”’ of these rocks. 

The fact that, in compositions con- 
taining feldspars and water, liquids do 
not get far down into the region of two 
feldspars is a restriction that does not 
apply to compositions with an excess or a 
deficiency of silica. The granitic com- 
position resulting, on the one hand, and 
the nepheline syenite composition, on 
the other, require lesser concentrations 
of water to lower their crystallization 
temperatures into the region of two feld- 
spars, but even these may be expected to 
have early feldspars that are no longer 
stable at the temperatures approaching 
final crystallization and are conse- 
quently recrystallized by the late re- 
siduals in the manner described. 
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THE ALKALI-FELDSPAR JOIN IN THE SYSTEM 
NaAlSiO,-K AISiO,-SiO,' 
J. F. SCHAIRER 
Geophysical Laboratory, Carnegie Institution of Washington 


ABSTRACT 


A study of the alkali-feldspar join KAISi,Os-NaAlISi,Os in the system NaAlSiO,-KAISiO,-SiO, shows 
an unbroken series of solid solutions between these alkali feldspars with a minimum on the melting 
and freezing curves at 1,063° + 3°C. at 35 weight per cent potash feldspar. All alkali-feldspar compo- 
sitions with more than 49 weight per cent potash feldspar melt incongruently and have leucite crystals 
present, which disappear only at higher temperatures. A revised equilibrium diagram for the system 
NaAlSiO,-KAISiO,-SiO, is given; the data on which it is based will be published in full later. 


INTRODUCTION 

Because of the widespread occurrence 
of feldspars in rocks, the stability rela- 
tions of the alkali feldspars are of ex- 
treme importance and interest. During 
the years between 1929 and 1941 the 
phase-equilibrium relations, at tempera- 
tures at which a liquid phase was pres- 
ent, were determined in the ternary sys- 
tems Na,O-Al,O,-SiO, and K,O-AlL0,- 
SiO, by J. F. Schairer and N. L. Bowen 
(1947a). Concurrently with the studies of 
these two systems, the melting relations 
in NaAlSiO,-KAISiO,-SiO, were inves- 
tigated. This last investigation is still not 
completed because of (1) difficulties with 
crystallization in the dry, viscous, sili- 
ceous melts, (2) the slow rate of attain- 
ment of equilibrium between crystals and 
liquids, (3) difficulties with the precise 
determination of the composition of some 
of the solid crystalline phases, and (4) 
interruption of these studies by World 
War Il 

Soda feldspar (Na,O Al,O, - 6SiO, 
or NaAlSi,Os) is a ternary compound in 
the system Na,O-AlL,O,-SiO,. Greig and 
Barth (1938) showed that this compound 
melts congruently at 1,118° + 3°. This 
vas confirmed by Schairer and Bowen 
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(19474), who also showed the melting 
relations of soda feldspar in the presence 
of an excess of each of its components. 
Similarly, potash feldspar (K,O - 
ALO, - 6SiO, or KAISi,Og) is a ternary 
compound in the system K,0-Al,0,-Si0.,,. 
Morey and Bowen (1922) showed that 
three samples of natural potash feldspars 
with compositions low in soda feldspar 
and a pure synthetic potash feldspar 
(prepared hydrothermally) melted in- 
congruently to a liquid more siliceous 
than feldspar plus crystals of leucite 
(K,0 - ALO, + 4SiO, or KAISi,O¢). These 
lencite crystals disappeared only when 
the temperature was raised to about 
1,530. They placed the incongruent 
melting temperature of pure potash feld- 
spar at about 1,170°. Schairer and Bowen 
(1947a) confirmed these results and 
placed the incongruent melting tempera- 
ture of potash feldspar at 1,150° + 20° 
and also showed the melting relations in 
the presence of an excess of each of its 
components. They found that dry melts 
of compositions between potash feldspar 
and silica are extremely viscous and that 
most of them, except those with cristo- 
balite liquidus temperatures above about 
1,350 (those below the cristobalite = 
tridymite inversion at 1,470° + 10° are 
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metastable) could not be crystallized dry. 
However, they were able to present the 
relations between potash feldspar and 
silica in the binary system leucite-silica 
(Schairer and Bowen, 19476) by a short 
extrapolation from data on the ternary 
compositions, K,0-Al,O,-SiO,, with small 
excess potash over potash feldspar-silica 
compositions. These ternary composi- 
tions were much less viscous than binary 
leucite-silica) compositions and were 
amenable to crystallization and study by 
the method of quenching. 


THE SYSTEM NaAISiO,-KAISiO,-SiO, 


Schairer and Bowen (1935) published 
a preliminary report on the equilibrium 
relations of feldspathoids, alkali feld- 
spars, and silica in the system NaAlSiO,- 
KAISiO,-SiO, and gave two preliminary 
diagrams (1935, figs. 1 and 2) for this sys- 
tem, the one showing the fields of the sev- 
eral primary crystalline phases and the 
other the compositions studied up to that 
time, with some of the isotherms. No 
field for orthorhombic KAISIO, was 
shown because data for that area were 
lacking at that time. Very little data were 
available then for compositions richer in 
silica than the alkali-feldspar join. Some 
of the temperatures indicated on these 
preliminary diagrams were too high be- 
cause sufficient time had not been al- 
lowed for the attainment of equilibrium 
between crystals and liquid in these vis- 
cous melts. 

The revised equilibrium diagram for 
the system NaAlSiO,-KAISiO,-SiO, is 
given here as figure 1. The data on which 
it is based will be published in full in a 
later paper. Solid black circles indicate 
the compositions that have been pre- 
pared and studied. Those compositions 
shown as solid black triangles have been 
prepared, but no quenching data for 
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them have been obtained because they 
have not yet been crystallized, even 
though these dry glasses have been held 
at appropriate temperatures for as long 
as 5 years. Heavy solid curves (or a 
dashed curve if the data are not com- 
plete) are the boundary curves between 
the fields of the several primary crystal- 
line phases. Arrows on these curves in- 
dicate the direction of falling tempera- 
ture. Isotherms are shown as light lines, 
with the temperature of the isotherm in- 
dicated. The shape of the isotherms in 
the alkali-feldspar field indicates the 
probability of a temperature minimum 
on the boundary curve between the fields 
of alkali feldspar and tridymite. No mini- 
mum is shown here, because quenching 
data are entirely lacking for this region 
for reasons already given. 

The alkali-feldspar join divides the 
ternary system into two portions. Those 
compositions between it and the silica 
apex approach compositions of simplified 
dry granitic rock magmas, where the ulti- 
mate products of crystallization are a 
feldspar and the appropriate form of sili- 
ca. Those compositions between the al- 
kali-feldspar join and  NaAlsiO,- 
KAISiO,, the base of the triangle, ap- 
proach compositions of possible simpli- 
fied alkaline rock magmas, where the 
ultimate products of consolidation are 
nepheline (not pure NaAlSiO, but hex- 
agonal mix crystals of NaAlSiO,, 
KAISiO,, and alkali feldspar), alkali 
feldspar, and leucite, except for extreme 
compositions near the NadAlsSiO,- 
KAISiO, base which crystallize to a 
nepheline alone or those near the 
NaAlSiO,-soda feldspar side, which may 
crystallize to a nepheline and a feldspar 
with no leucite in the completely crys- 
talline product. 
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THE ALKALI-FELDSPAR JOIN 
Schairer and Bowen (1935) published 
a preliminary diagram for the join 
KAISi,Os-NaAlSi,Os and interpreted the 
data (admittedly incomplete) as show- 
ing an unbrokgn series of solid solutions 
between these two alkali feldspars, with 
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The revised equilibrium diagram for 
the alkali-feldspar join is given here as 
figure 2. It differs in no essentials from 
the preliminary diagram of Schairer and 
Bowen (1935, fig. 3). Heavy lines (or 
heavy dashed lines if the data are less 
precise) refer to binary equilibrium. All 
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Revised equilibrium diagram for the system NaAlSiO,-KAISiO,-SiO,, showing position of the 


alkali-feldspar join. Data on which the ternary diagram are based will be published in full in a later paper. 


a minimum on the melting and freezing 
curves and the further complication of 
incongruent melting for all the feldspar 
compositions with more than about 49 
per cent of potash feldspar. Since that 
time additional alkali-feldspar composi- 
tions have been prepared, so that com- 
positions at each 5 per cent interval of 
alkali-feldspar proportions were available 
for study. 


curves that refer to ternary equilibrium 
are shown as lighter lines (or lighter 
dashed lines). These lighter lines give 
only the temperature at which phase 
changes occur in a preparation of a given 
total composition. They do not give the 
composition of all phases concerned in 
the equilibrium, since these relations can 
be shown only with the aid of a ternary 
diagram. Determined points are shown 
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as open circles. The quenching data on 
which they are based are given in table 1. 
AD (fig. 2) is the liquidus curve for leu- 
cite. DEF (fig. 2) is the liquidus curve for 
alkali feldspars and shows a temperature 
minimum at £ (fig. 2) at 1,063° + 3°, 
with the composition 35 per cent 
KAISi,Os and 65 per cent NaAlsSi,Os. 
The temperature of CD (fig. 2) is 1,078° 
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within narrow temperature limits by ob- 
serving temperatures at which a small 
amount of tiny crystals grew in the melt 
and above which they were dissolving. 
On the other hand, it was not possible to 
determine the beginning of melting, since 
none of these alkali-feldspar composi- 
tions could be completely crystallized 
dry and since, even if crystallized hydro- 
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Fic. 2.—The alkali-feldspar join. Heavy solid or dashed curves refer to binary equilibrium. Light solid 
or dashed curves refer to ternary equilibrium. Open circles indicate determined points. 


+ 3°. No data are available on the dry 
melts to fix the composition of C (fig. 2), 
and for this reason the relations near this 
point are shown as dashed curves. 

All alkali-feldspar compositions and 
particularly those with more than 50 per 
cent of potash feldspar give viscous melts 
that are difficult to crystallize dry, and 
in these crystalline or partly crystalline 
melts equilibrium between crystals and 
liquid is attained very slowly. It was pos- 
sible to determine liquidus temperatures 


thermally, no accurate value for begin- 
ning of melting can be obtained because 
the crystals must be heated above their 
temperature of beginning of melting for 
a week or several weeks before observable 
melting (glass under the microscope) can 
be recognized. 

Thus we see that a study of dry melts 
can yield only a limited amount of in- 
formation about the alkali feldspars. 
Such a study does show the general rela- 
tions at temperatures at which a liquid 
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Composition 
Pea Cent) 


KAISi 


NadlSi,Os 


TABLE 1 
RESULTS OF QUENCHING EXPERIMENTS 


Resutts or Microscorr EX TION 


Rare leucite in glass 
| All glass 


Small amount leucite in glass 
All glass 


Small amount leucite in glass 
All glass 


Rare leucite in glass 
All glass 


Small amount leucite in glass 
All glass 


Small amount leucite in glass 
All glass 


Rare leucite in glass 
All glass 
Very rare leucite in glass 


Rare leucite in glass 
All glass 


Moderate amount of leucite and rare feldspar in glass 
Moderate amount of leucite in glass 
| Small amount of leucite in glass 


All glass 


Rare sharp feldspar in glass 
All glass 


Moderate amount sharp feldspar in glass 


All glass 


Moderate amount sharp feldspar in glass 
All glass 


Small amount sharp feldspar in glass 


All glass 


Rare sharp feldspar in glass 
All glass 


Moderate amount sharp feldspar in glass 
Very rare sharp feldspar in glass 
All glass 


Moderate amount sharp feldspar in glass 


All glass 


Rare sharp feldspar in glass 
All glass 


Small amount sharp feldspar i 


All glass 


Days 
| 
95 5 1,480 | 1 
: go 1,445 | 2 
| 
1,400 6 
Rs 5 1,405 | 6 
20 
80 1,370 | 7 
7° ad | 1,300 14 | 
1,255 14 
65 35 1,200 10 
60 40 1,210 | 14 . 
| | | 
55 45 | 1,155 } 14 
1,077 3° 
50 5° 1,085 35 
1,090 | 
45 1,075 14 | 
1,060 | 
4° 1,065 14 
9§ 
45 5 ; 1,005 14 
75 + 
25 i 1,075 14 
{1,075 
20 80 | 41,080 | 21 
1,085 | 14 
wee 
15 85 1,0g0 14 
ge 1,100 | 14 
| 
1,105 14 gil 
95 1,110 14 
+ 
| 
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phase is present. It does not tell us about — viscous and equilibrium is attained much 
the possibility of unmixing at lower tem- more rapidly, even though the tempera- 
peratures or the possibility of inversions tures are considerably lower. Their re- 
to other crystalline forms. My colleagues, sults, some of which are presented in 
N. L. Bowen and O. F. Tuttle, are en- companion papers herewith, give us a 
gaged in a study of feldspar systems with more precise picture of the mineralogical 
water in which the melts are much less and geological relations of feldspars. 
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GALLIUM AND GERMANIUM SUBSTITUTIONS 
IN SYNTHETIC FELDSPARS'* 
JULIAN R. GOLDSMITH 
University of Chicago 
ABSTRACT 


Compounds of gallium and germanium isostructural with the feld 
their crystal-chemical properties are here described. In the Na and 


rs have been prepared, and some of 
feldspars, Al*** and Si**** can be 


completely replaced by Ga*** and Ge****; but, in pure Ca feldspar, complete substitutions cannot be 
mace. The use of these substitutions as a means of obtaining information on the feldspars is discussed. 

One of the principal aims ot this line of investigation is to obtain information on substitutional disorder 
in alumino-silicates. It is difficult to locate specific positions of A) and Si atoms in many silicates because of 
the approximately equivalent X-ray scattering power of these two atoms. The use of a heavier-element 
replacement should produce more definite information on the degree of substitutional disorder, and it is 
hoped that these Ga and Ge feldspars will help in the interpretation of some of the problems of the natural 


minerals. 
INTRODUCTION 


Rather widespread interest in the 
problem of order-disorder in minerals has 
developed in the past few years. Very 
little has been done to date on this prob- 
lem as it pertains to minerals, but a siz- 
able literature on the general subject of 
order-disorder relations in crystals has 
accrued since 1916, when Tammann’s 
original observations in the Cu-Au sys- 
tem appeared. One of the aims of the 
present investigation is to obtain infor- 
mation on one type of disorder that may 
occur in alumino-silicates, namely, sub- 
stitutional disorder between silicon and 
four-co-ordinated aluminum atoms. A 
description of the synthesis of some 
model feldspar structures and some dis- 
cussion of their crystal-chemical proper- 
ties the first phase of this investigation 

is here presented. The specific rela- 
tionship of the synthetic compounds to 
the broader problem of feldspar disorder 
will be the subject of a later paper. 

Inasmuch as this paper does not deal 
with the general problem of disorder in 

* Manuscript received April 21, 1950. Presented 


at the November, 1949, Annua! Meeting of the Geo- 
logical Society of America. 


crystals, earlier work will not be sum- 
marized in detail. Only the more impor- 
tant contributions, particularly those 
that apply to the feldspars, will be men- 
tioned. In an excellent treatment of the 
problem of disorder in alumino-silicates, 
Schlecht (1946) reviews the history of 
the order-disorder concept and gives 
abundant references. Mineralogical dis- 
order was also discussed by Buerger 
(1948), who points out in particular the 
relation between disorder and exsolution 
in solid solutions. 

Jaeger, Westenbrink, and Van Melle 
(1927), in determining the structure of 
ultramarine, were the first to show that 
aluminum and silicon atoms could re- 
place each other in a tetrahedral frame- 
work. F. Machatschki (1928) correctly 
proposed an interpretation of the feld- 
spar structure based on linked Si-O and 
Al-O tetrahedra, with the cations inter- 
stitially located in the framework. Barth 
and Posnjak (1931) clearly expressed the 
concept of random arrangement of par- 
ticular atoms in a structure, based on 
work done with spinels. They described 
structures of this type as having “‘variate 
atom equipoints.”’ In 1933 W. H. Taylor, 
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working with sanidine, was the first to 
solve satisfactorily a feldspar structure. 
He could not distinguish Al from Si 
atoms, however, but recognized that 
‘“... the tetrahedra of oxygen atoms 
around Al atoms will probably be larger 
than those around silicon atoms. . . .’’ 
He attributed some of his discrepancies 
in observed versus calculated intensities 
as possibly due to not taking this into 
account. He found four KAISi,Ox “‘mole- 
cules”’ per unit cell and discovered that 
the sixteen (Al and Si) atoms were di- 
vided into two structural groups of 
eight. Not considering the possibility of 
disorder, he stated that the two groups, 
eight “Si,’’ and eight “Si,,”’ must really 
be split into four groups, of which three 
contain four Si each and one contains 
four Al. This division was based on the 
assumption that sanidine did not show 
monoclinic holohedral symmetry. Barth, 
in 1934, applied his concept of variate 
atom equipoints to the potash feldspars. 
He questioned Taylor's symmetry classi- 
fication of orthoclase, claiming that all 
previous crystallographic measurements 
show it to be holohedral. He thought 
that in microcline the four Al atoms con- 
centrate in two twofold positions, result- 
ing in a triclinic structure. The mono- 
clinic feldspars, adularia and sanidine, 
were pictured as having Si and Al as 
variate atoms. His theory as to the rela- 
tionship between adularia and sanidine 
was admitted to be more uncertain, but 
he stated that some “interchange of sili- 
con and aluminum atoms takes place.” 
Barth thus proposed an explanation for 
feldspar polymorphism based on order- 
disorder relations. 

Taylor, Darbyshire, and Strunz (1934) 
published a more general paper on the 
feldspars, that came out at the same time 
as Barth’s. Here sanidine is assumed to 
be holohedral, which implies that. Al 
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atoms are randomly distributed (at least 
within one of the two Si groups). The 
structures of albite and anorthite are also 
presented, with the observation that the 
c-axis of anorthite is twice that of albite; 
this effect was ascribed to the different 
environments of Ca and Na atoms rather 
than to Al-Si differences. In 1940 Chao 
and Taylor presented a more detailed ~ 
study of the plagioclase feldspars, which, 
in addition to the above-mentioned ef- 
fect, showed more complex stractures of 
the superlattice type in the intermediate 
plagioclases. The author’s interpretation 
of their X-ray data is that the intermedi- 
ate plagioclase is formed of alternating 
stacked layers (along the c-axis) of anor- 
thite or anorthitic feldspar and albite or 
albitic material, each structural unit be- 
ing a few unit cells thick. They thus do 
not consider that the plagioclases form a 
true, structurally complete, isomorphous 
series.? It should be remembered, how- 
ever, that, because of the change in Al: Si 
ratio from albite to anorthite (1:3 to 
1:1), a greater opportunity for more 
complex disorder exists than in the feld- 
spars with a fixed Al:Si ratio. 

A detailed quantitative X-ray study of 
orthoclase was made by Chao, Har- 
greaves, and Taylor in 1940. The dis- 
tances from the Si and Al atoms to the O 
atoms are given; Si, and Si, types again 
are differentiated. The distances from 
the Si, grouy’s of eight atoms to the dif- 
ferent oxygen positions are 1.66, 1.67, 
1.69, and 1.70 A. The Si, group shows 
but two different Si-O spacings for the 
eight atoms—1.57 and 1.60 A, The 
authors call attention to the difference 
between the two types of tetrahedra. In- 
asmuch as the AlO, group is larger than 


? Chao and Taylor do not discuss the possibility 
of a complete isomorphous series at high tempera 
tures and an incomplete series at room temperature. 
This point is treated by Buerger (1948). 
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the SiO, group, they conclude that the 
Si, type, showing smaller spacings, con- 
tains only Si atoms, whereas the Si, 
group contains four Si and four Al atoms. 
This conclusion is the same as that 
reached by Taylor in 1933, on the basis 
of qualitative X-ray work. It is further 
stated that the Al distribution in the Si, 
group is random, as there is no evidence 
of any reduction of the symmetry from 
holohedry. The authors also state: “It 
may be that the distribution of the alu- 
minum ions among the tetrahedral 
groups is of primary importance in the 
process of ‘sanidinization’ revealed by 
the irreversible change in optic axial 
angle.” 

In a very recent (1949) paper by Cole, 
Sérum, and Kennard the symmetry rela- 
tions with respect to Al-Si distribution 
in orthoclase and sanidine are more fully 
discussed. The atomic parameters of 
sanidine were determined with great pre- 
cision. They find such a small variation 
in bond lengths around the two tetrahe- 
dral groups (Si, and Si,) that the Al 
atoms must be completely disordered in 
this material. These authors also re- 
examined the 1940 work of Chao, Har- 
greaves, and Taylor and show that the 
accuracy is not adequate to justify their 
conclusion regarding Al atom distribu- 
tion. To establish whether or not signifi- 
cant differences exist in the size of the 
tetrahedral groups, it is pointed out that 
orthoclase must be re-examined with the 
accuracy of the present investigation. 
The status of the disorder problem in the 
feldspars, in so far as present published 
X-ray work is concerned, thus appears 
to show complete Al-Si disorder in sani- 
dine; nothing definite has been proved as 
to the situation in the other potash feld- 
spars or in the plagioclases. Any com- 
pletely ordered arrangement of Al atoms 
in a monoclinic feldspar would, however, 
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produce a reduction in symmetry from 
that assumed. 

K. J. Murata (1946) discusses the ef- 
fect of acids on silicates with relation to 
their structure. Their behavior is as- 
cribed to the size of the Si-O units that 
make up the structure or to the fact that 
the structure can be broken down by vir- 
tue of weak points produced, for exam- 
ple, by Al atoms. His hypothesis is that 
small Si-O units dissolve in HCl or HNO, 
to yield gelatinous silica, whereas large 
units produce insoluble separated silica. 
W. G. Schlecht (1946) treats the general 
problem of random versus ordered ar- 
rangement of a two-component array and 
considers the size of clusters that would 
result, depending on the degree of ran- 
domness of the array. The problem of 
the alumino-silicates is discussed, and 
Schlecht states: “In mixtures with com- 
positions like those of aluminosilicate 
minerals, the number of small clusters 
becomes negligible as complete random- 
ness of arrangement is approached, and 
it is concluded on the small-cluster hy- 
pothesis of gelatinization of silicate min- 
erals that the arrangement of aluminum 
and silicon atoms must be very symmet- 
rical with respect to each other, other- 
wise clusters too large to gelatinize would 
be formed when the minerals are decom- 
posed.”” Murata points out that, with 
two exceptions, the silicates with three- 
dimensional structures gelatinize if the 
Al:Si ratio is 2:3 or greater; the more 
siliceous structures separate insoluble 
silica (or are not broken down at all). 
The earlier work (1944) of Wichers, 
Schlecht, and Gordon on the decompo- 
sition of plagioclase feldspars in sealed 
tubes in acid at 300° C. is also of interest 
in the light of the foregoing discussion. 


‘See discussion by Fritz Laves, this issue of the 
Journal. 
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SIGNIFICANCE OF Ga AND Ge RE- 
PLACEMENTS IN SYNTHETIC 
FELDSPARS 

The scattering factor of X-rays by 
atoms is a function of atomic number. 
The atomic number of Al is 13; of Si, 14. 
Thus, because of similar X-ray scatter- 
ing powers, the relative position of Al 
atoms and Si atoms in alumino-silicate 
networks cannot generally be distin- 
guished. If the Si-Al order-disorder rela- 
tions in this most important group of 
minerals could be evaluated, many 
mineralogical and petrological problems 
might be clarified. 

If, in an alumino-silicate, the Al atoms 
could be replaced by an element of sig- 
nificantly different atomic number or if 
Si could be replaced in like fashion, it 
would be possible, by means of X-ray 
diffraction, to detect positional differ- 
ences of the two elements. The elements 
replacing Si or Al would, of course, have 
to be so similar in other respects that the 
original structure would be maintained. 
In addition to the possibility of detecting 
order-disorder relations, there is the 
opportunity to observe other interesting 
crystal-chemical effects produced by con- 
trolled substitutions of this sort. The 
pairs aluminum-gallium and silicon-ger- 
manium are crystal-chemically perhaps 
the most closely related pairs of elements. 
In ionic crystals~-and silicates are pre- 
dominantly ionic—radius and charge are 
the most important properties governing 
crystal structures. These properties of 
Ga and Ge are compared with those of Al 
and Si in table 1. 

If an alumino-silicate structure can be 
duplicated by replacement of the Al or Si 
with other elements, Ga and Ge are the 
most likely elements; the charges are the 
same, and the radii are very similar.‘ The 

4 For a more complete discussion of these similar- 
ities and for a description of some Ge compounds iso- 
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large differences in atomic number be- 
tween Al and Ga and between Si and Ge 
are also very favorable for detection by 
means of X-ray diffraction. 
Observations of any disorder phe- 
nomena in such “model” structures 
might be of value in the interpretation 
of their natural counterparts. In addi- 
tion to the use of X-ray diffraction, other 
techniques might also be used: for exam- 
ple, the chemical approaches as applied 
to silicates by Murata (1946) and by 
Wichers, Schlecht, and Gordon (1944). 
The change in relative bond strengths 
(ie., Al-O vs. Si-O) produced by such 


TABLE 1 
EI Tonic lonic Atomic 
Charge Radius (A)* Number 
Ga 3+ 0.62 
Si ©. 30 14 
Ge 4+ 0.44 32 


* Radii given for sixfold co-ordination, 


substitutions might be important in this 
respect. 

Synthetic feldspars have been made 
with 100 per cent substitutions of Ga for 
Al, Ge for Si, and, to complete the series, 
both Ga and Ge substituted for Al and 
Si. A stable lime feldspar structure does 
not appear to form with complete Ga, 
Ge, or Ga and Ge substitutions, but the 
alkali feldspar structures do. In the fol- 
lowing sections these new compounds 
with feldspar structures are discussed. 


EXPERIMENTAL PROCEDURE 


Mixtures of the desired compositions 
were prepared by fusing the carefully 
mixed pure oxides or carbonates to a 
glass, in platinum crucibles. The glasses 


structural with Si compounds see the 1931 papers of 
V. M. Goldschmidt. 
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were crushed, mixed, and re-fused until 
optically homogeneous. Three fusions 
generally produced a homogeneous melt, 
except in the case of the Ga equivalent 
of orthoclase, KGaSi,O,. Here, because 
of very high viscosity, six fusions were 
necessary to completely melt and ho- 
mogenize the mixture. Loss of K,O by 
volatilization must also be corrected for 
in this composition. Volatile loss of GeO, 
in the mixtures that require high fusion 
temperatures is also a problem, as is 
attack and contamination of the plati- 
num crucibles when melting the potash 
compounds. 

The Ga and Ge used in this investiga- 
tion were very pure,’ and were both ob- 
tained from the research department of 
the Eagle-Picher Lead Company. GeO, 
was supplied and used as such; Ga,O, 
was prepared from metallic Ga by dis- 
solving the metal in nitric acid and 
evaporating to dryness, the nitrate be- 


ing decomposed to the oxide by heating. 


The other batch ingredients —Na,CO,, 
KHCO,, CaCO,, Al,O,, and SiO,--were 
all of very high purity. 

The crysi ‘line materials were pre- 
pared either by devitrification of the 


’ Spectrographic analyses, made by Eagle-Picher, 
are as follows: 

Estimatep 
AVERAGE 
ANALYSIS 

(Per Cent) 


lurvatry 


Silicon © C0014 
Magnesium © 00044 
Copper © 
Calcium © COl4 
Lead © 0005 


Gallium Metal 
Silicon 
Magnesium 
Copper 
Lead 
Silver 
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glasses at some convenient temperature 
below the melting point of the crystalline 
phase dealt with or by hydrothermal 
crystallization, the latter done either in 
Morey-type bombs or in a device of the 
type described by Tuttle (1948). The 
possibility of structural variation as a 
function of temperature of crystalliza- 
tion is not considered in the present pa- 
per. In several cases, to be described 
later, mixtures of the batch ingredients 
were reacted directly in the solid state 
rather than being first melted to a glass. 
This technique may be of more value in 
later phases of this investigation con- 
cerned with the afore-mentioned struc- 
tural variation. It is at tip 1es expedient 
to avoid the possibility r inherited 
structure from the or 
glassy state. 

All melting points were determined by 
the well-known quenching technique. 
The quenched materials were all ex- 
amined under the microscope. 


THE ALKALI Ga AND Ge COMPOUNDS 


SODA FELDSPAR STRUCTURES 
The Ga and Ge counterparts of albite, 
NaAlSi,Os, are: 
NaGaSi,Os —‘‘gallium albite’® 
NaAlGe —“‘germanium albite”’ 
NaGaGe ,Os—“gallium-germanium albite”’ 


The fact that these compounds have the 
albite structure is shown by the X-ray 
powder photographs. Plate 1, A, com- 


shortened forms, 
will be, in 


*This nomenclature, or the 
Ga-albite, Ge-albite, and Ga-Ge-albite, 
general, used to designate these compounds. The 
same prefix-type designation will be used in con 
junction with “‘orthoclase” and ‘‘anorthite” for 
the K and Ca cempounds 


PLATE 1 


A, X-ray powder photographs of the soda compounds, FeKa radiation. 
B, X-ray powder photographs of the potash compounds. FeKa radiation. 
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Nat. Ab NaGaSi30g NaGaGe30g 
Syn. Ab. 
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X-ray powder photographs of the alkali compounds 
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pares the powder diffractiun patterns of 
these compounds with pure natural and 
synthetic albites. These photographs are 
here introduced merely to show the gen- 
eral structural relations. As mentioned 
above, no interpretation of X-ray diffrac- 
tion differences that may be significant 
to the disorder problem are discussed in 
this paper. 

The optical properties, as far as they 
have been investigated, are those that 
would be expected to be produced by 
substitution of the heavier elements in 
the albite structure. The refractive in- 
dices are considerably higher than those 
of normal albite; the birefringence is 
rather low. Twinning is common. Table 

TABLE 2 


REFRACTIVE INDICES OF THE SODA FELDSPARS 
AND THEIR GLASSES 


Refrac | | 
tive NaGaSi,Os) NaAlGee NaGaGe,Or 
Index 
Glass 1.489 | 1.519 1.592 1.636 
Crystals 
a 1.525 1.552 1. 606 1.638 
Y 1.536 | 1.558 1.619 1.654 


2 lists some of the optical data deter- 
mined on the albite series, with normal 
albite included for comparison. Varia- 
tion of refractive indices in some of the 
compositions has been observed and may 
be a function of the temperature of 
crystallization or of dry versus hydro- 
thermal formation. Additional optical 
data (sign, 2V, etc.) are not presented 
because of the yet uncertain relations. 

The difference between the refractive 
indices of the crystals and their corre- 
sponding glasses becomes smaller in the 
order Ga-albite, Ge-albite, and Ga-Ge- 
albite; the difference becomes quite 
small in NaGaGe,Os. This effect wi | be 
discussed in the case of the lime com- 
pounds, where it is quite pronounced. 
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Melting points of the soda compounds 
are as follows, again compared with nor- 
mal synthetic albite: 


NaAlSi,Oy —1,118° C. 
NaGaSi,Os —1, 015° 
NaAlGe,Os —1 
NaGaGe,Os— 052° 


All melt congruently, as does normal 
albite. Table 3 lists the pertinent thermal 
data for the melting-point determina- 
tions. A melting range of approximately 
10° is observed in Ge-albite and a larger 
range with the Ga-albite used. The in- 
terval in Ge-albite is probably due to the 
material being somewhat off-composi- 
tion; an uncorrected volatile loss, prob- 
ably of Na,O, GeO,, or both, was ob- 
served when the. original glass was 
melted. The Ga-albite glass, being very 
viscous, was crystallized hydrothermally. 
The resulting crystals, used for melting- 
point determinations, contained some 
unknown impurity phase or phases (pos- 
sibly due to differential solubility of the 
material). This, coupled with the inher- 
ent difficulty of determining melting 
points of very viscous materials, would 
account for the observed melting inter- 
val. The top of the interval was taken to 
be the melting point in both cases, and 
the error is probably not large. 

Glass of the albite composition is very 
viscous and, as mentioned above, Ga- 
albite glass is also. Crystallization from a 
dry melt is exceedingly slow. Hydrother- 
mal crystallization proceeds quite rap- 
idly, however, even at temperatures as 
low as 400°. The very high viscosity and 
consequent difficulty of dry crystalliza- 
tion is not found in the Ge-containing 
albites. Ge-albite and Ga-Ge-albite crys- 
tallize readily from the dry melt. The 
high degree of polymerization of SiO, 
groups present in silica-rich melts (as 
evidenced .rom their high viscosity) is 
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not so apparent in the Ge-containing 
counterparts of these melts. Greater 
strength of the Si-O bonds as compared 
to the Ge-O bonds may not be the only 
factor involved in this difference; the 
possibility exists that Ge has a statistical 
co-ordination greater than 4 in the melt, 
which would reduce the degree of poly- 
merization. 

The melting point of Ga-albite is ap- 
preciably lower than that of Ge-albite. 
The melting point of Ge-albite is approxi- 
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forms of KA]Ge,Os and KGaGe,0; and 
to norma! orthoclase. 

The general term “orthoclase”’ is used 
with no implication as to whether adu- 
laria, sanidine, or, for that matter, mi- 
crocline structural types are involved. 
The X-ray powder diffraction pictures of 
these potash compounds are shown in 
plate 1, B; a pure natural orthoclase and 
synthetic orthoclase are included for 
comparison. Only the high-temperature 
forms of KAlGe,O, and KGaGe,O;, are 


TABLE 3 


Composition | Original Condition Time 


NaGaSi,Oy...| Crystals | 

hydrother- 
mally crystal- | 
lized, rather | 24 hr. 


pure} 24 hr. 


| Crystals 


34 hr. 
§ hr. 
24 hr. 


NaAlGe,Os 


ahr. 
hr. 


NaGaGe,Os 


mately 50° C. below that of normal al- 
bite, whereas that of Ga-albite is over 
100° C, 
THE POTASH FELDSPARS 

The potash compounds equivalent to 
orthoclase, KAISi,Os, are: 
KGaSi,Os 
KAIGe,¢ 
KGaGe,Ox 


“gallium orthoclase”’ 
“germanium orthoclase”’ 
“gallium-germanium orthoclase” 


Two distinct modifications of KAI- 
Ge,Os and of KGaGe,Os have been ob- 
served. The two modifications so far 
found are readily distinguished by means 
of their X-ray patterns, but the refrac- 
tive indices are the same or very similar. 
Only one modification of KGaSi,Os has 
been found to date, corresponding in 
X-ray pattern to the high-temperature 


THERMAL DATA FOR THE SODA FELDSPARS 


Temp. (° C.) Final Condition 


| Xln Ga-albite+ interstitial glass 
| Tiny Xls of Ga-albite in glass 
Very sparse tiny Xls in glass 
All glass 
| XIn Ge-albite+sparse interstitial glass 
| Glass, sparse Xls Ge-albite 
All glass 


Ga-Ge-albite (rare glass?) 
| All glass 


TABLE 4 


REFRACTIVE INDICES OF POTASH FELDSPARS 
AND THEIR GLASSES 


Refrac 
tive 


Index 


KAISI Os KGaSi,O» KGaGe 


KAIGe, Or 


Glass 

Crystals 
a 5! 533 595 1.6015 
526 539 59 1.628 


1.617 


shown. The isostructural relation of these 
compounds to normal potash feldspar is 
evident. The similarity of all the X-ray 
photographs in the case of the potash 
compounds is indeed striking. 

The refractive indices of the ‘‘ortho- 
clase’’ group are presented in table 4. It 
should be pointed out that, as in the case 


| 
1,069 
955 
| 
| 
| 


of the Na feldspars, refinement of these 
data may be necessary, and, in addition, 
a more complete study will be made. The 
need for refinement is not based on a 
desire to obtain greater precision of fixed 
values but to observe variations as a 
function of conditions of crystallization. 

The difference between the refractive 
indices of the crystals and their glasses 


SUBSTITUTIONS IN SYNTHETIC FELDSPARS 


TABLE 5 
THERMAL DATA FOR THE POTASH FELDSPARS 


525 


The incongruent melting of potash feld- 
spar to leucite (KAISi,O.¢) and a sili- 
ceous liquid is well known (Morey and 
Bowen, 1922). The behavior of Ga- 
orthoclase is analogous, melting to the 
Ga-containing equivalent of leucite and 
siliceous liquid. The new compound, 
“gallium leucite’’ (KGaSi,O,), has not 
been isolated from the glass or synthe- 


Composition Original Condition | Time Temp. (* C.) | Final Condition 
K GaSi,Ox | 4 days 990° Ga-orthoclase Xls 
3 days 1,001 Mostly Ga-orthoclase + some lower-index ma- 
| Crystals terial, indicates beginning of incongruent 
(hydrother- | | _ melting 
mally crystal- | {24 hr 1,010 Ga-orthoclase, glass, and Ga-leucite (not 
| lized, slightly} | 
impure) |24 hr 1,019 Ga-leucite and glass+sparse Ga-orthoclase 
(not equilibrium) 
24 hr. 1,036 Ga-leucite and glass 
{24 hr. 1,101 Ge-orthoclase, rare interstitial glass 
. 3 hr. 1,115 Ge-orthoclase, sparse glass 
KAIGeOs Glass } 3 hr. 1,119 Ge-orthoclase in glass (50-50) 
| (23 hr. 1,123 All glass 
K GaGe, Os | | 3 hr. 950° Ga-Ge-orthoclase+5 per cent small high- 
index needle-like 
| Glass |} 24 br. 975 Ga-Ge-orthoclase+two high-index phases 
|} (sparse), needle-like and blocky Xls; very 
rare glass? 
23 hr. 985 As above+sparse interstitial glass 
| Crystals : 1,000 Glass, sparse Xis of Ga-Ge-orthoclase, + 
| above two “impurity phases” 


| 


becomes smaller in the same way as that 
observed in the soda compounds, the 
order being normal orthoclase, Ga-ortho- 
clase, Ge-orthoclase, Ga-Ge-orthoclase. 

The melting points of the potash com- 
pounds, including normal orthoclase, are 
listed below. Thermal! data are summa- 
rized in table 5. 


KAISi,Os —1,170° C. (melts incongruently, to 
leucite and liquid) 

KGaSi,Os —1,000°-1,020° (melts incongruent- 
ly, to gallium leucite and liquid) 

KAIGe,Os —1,122° 

KGaGe,Os—approximately 1,000° 


sized in pure form but was identified on 
the basis of the virtual identity of its 
X-ray powder pattern to that of natural 
leucite and on optical similarities. The 
close correspondence of the X-ray pat- 
terns indicates that Ga-leucite at room 
temperature has the same structure as 
low leucite. It is thus probable that it 
undergoes a polymorphic transition 
analogous to that in normal leucite. The 
upper temperature limit of existence of 
Ga-leucite in the melt (liquidus tempera- 
ture) was not determined. 

Ge-orthoclase and Ga-Ge-orthoclase 
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melt congruently. The reason for the 
difference in behavior is probably not due 
to inherent crystal-chemical differences 
between ordinary orthoclase and Ga- 
orthoclase, on the one hand, and Ge- 
orthoclase and Ga-orthoclase, on the 
other. Perhaps “germanium leucite’’ 
does not exist, or it may have a field of 
stability small enough that it does not 
impinge on that of the germanium ortho- 
clases, thus permitting them to melt con- 
gruently. No attempt has been made to 
determine experimentally whether or not 
KAIGe,0, is stable, but it is obvious that 
it does not exist under the composition 
and temperature conditions present at 
the melting points of Ge-orthoclase and 
Ga-Ge-orthoclase. It is the writer's im- 
pression that incongruent melting is con- 
sidered by many to be a fundamental 
“property” of the compound exhibiting 
it. This melting behavior must, how- 
ever, be viewed in terms of the equilib- 
rium conditions within the system of 
elements present at the melting point of 
the compound. If incongruent melting 
occurs, it is because, at temperatures at 
and above the breakdown point, another 
phase assemblage is stable. Leucite and 
Ga-leucite, for example, are stable in a 
siliceous liquid above the temperature of 
breakdown of orthoclase and Ga-ortho- 
clase. If, however, no compound of K,O, 
Al,O,, Ga,O,, and GeO, is stable above the 
melting point of Ge-orthoclase or Ga-Ge- 
orthoclase, then these compounds must 
melt congruently. Thus incongruent 
melting is in a sense not a specific prop- 
erty of a compound but is dependent 
upon the stability of another phase or 
phases at higher teraperatures. 

The difficulties encountered with vola- 
tilization and high viscosity of the sili- 
ceous melts in the case of the albites are 
more pronounced with the potash com- 
pounds. Ga-orthoclase melt is exceed- 
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ingly viscous and, in addition, quite 
refractory because of the persistence of 
Ga-leucite at high temperatures. Loss of 
KO is difficult to avoid. A precise deter- 
mination of the incongruent melting 
point is difficult. Hydrothermal crystal- 
lizations again had to be resorted to, and 
the crystals thus obtained for melting 
determinations also had some foreign 
phase or phases present. Replacement of 
SiO, by GeO, results in a great decrease 
in viscosity of the melt, as in the case of 
the albites. Ge-orthoclase and Ga-Ge- 
orthoclase were readily crystallized from 
their glasses. The fairly large melting 
interval observed in Ga-Ge-orthoclase is 
probably a result of volatile loss of K.0 
and/or GeO,, with consequent composi- 
tion change. The presence, as noted in 
table 5, of two foreign crystalline phases 
as inclusions also indicates that the com- 
position is not precisely KGaGe,Ox. The 
chemistry. of Ga and Ge compounds is 
not well known, and little time has been 
spent in attempting to identify these ex- 
cess phases. Chemical analyses of mix- 
tures such as this are being made, how- 
ever, and for future work the composi- 
tion will be adjusted. 

The lower melting point of the Ga as 
compared to the Ge compound is again 
noted. The effect is greater than in the 
soda compounds, although complicated 
by incongruent melting in Ga-orthoclase. 


LIME FELDSPARS WITH Ga AND Ge 
THE FULLY SUBSTITUTED COMPOUNDS 


The Ga and Ge analogues of anorthite 
(CaAlLSi,Os) can be crystallized,’ but 
complete substitution of Ga for Al, Ge 
for Si, or both, apparently results in an 


’ After this manuscript was completed, it was 
found that Ga-anorthite had been earlier synthesized 
by Trémel in an investigation of the structural re- 
lations of anorthite and nepheline (Eitel, Herlinger 
and Trémel, 1930). 


unstable or, metastable structure. To 
produce stable structures, partial sub- 
stitutions of Ga and Ge were resorted to, 
and this series of lime compounds pos- 
sesses properties that make them the 
most interesting of the three groups of 
feldspars. 

The fully substituted feldspars equiva- 
lent to anorthite are: 


CaGa,Si,O; ——“‘gallium anorthite” 
CaAl,Ge,0s —“germanium anorthite” 
CaGa,Ge,0s—“gallium-germanium anorthite” 


Melts of these compositions are quite 
fluid, and crystallization of the glasses 
takes place readily. 

Homogeneous crystallizations of these 
compounds could not be produced; one 
or more additional phases* appeared in 
all preparations. Although some difh- 
culty in obtaining precise composition 
was encountered in the case of Ge-anor- 
thite because of GeO, volatilization in 
the rather refractory mixture, the extra- 
neous phases were not due to the glasses 
being off-composition. The amount of 
nonfeldspar material varied, depending 
upon the temperature and, in some cases, 
upon the length of time of crystallization. 
In general, higher temperatures produced 
a lower “‘yield”’ of the feldspar, as did in- 
creasing the time of the run. Additions 
of small amounts of LiF as a flux also 
increased the amount of “‘foreign’’ mate- 
rial. Reacting the oxides directly in the 
solid state for the Ge-anorthite composi- 
tion tended to produce less anorthite 
than was formed from the glass, although 
completion of the reaction is uncertain 
here. Melting points of the fully substi- 
tuted lime compounds cannot be deter- 


* As in the case of the alkali feldspars, no attempt 
has been made to identify extraneous crystalline 
phases. To do so would involve a sizable expendi- 
ture of time, and it was not deemed necessary for 
the present investigation. 
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mined. Breakdown to a liquid plus the 
nonfeldspar phases occurs over a large 
temperature interval. This behavior is 
probably not due to incongruent melting, 
as the feldspars tend to persist over a 
range of temperature along with the 
other phases. 

The observed thermal behavior of Ga- 
anorthite, Ge-anorthite, and Ga-Ge- 
anorthite seems to indicate that these 
compounds are not stable under the P 
and 7 conditions investigated. The “‘for- 
eign” or “extraneous,” etc., phases re- 
ferred to are very probably those stable 
under the conditions of the experiments, 
the anorthites having formed as labile 
structures. Table 6 contains some of the 
pertinent thermal data in more detail 
than those presented above. The anor- 
thite-containing runs listed in table 6 are 
not representative of equilibrium condi- 
tions. The liquidus temperatures of these 
compounds are here presented; the melt- 
ing point of normal anorthite is included 
for comparison : 

CaALSi,Os — 1,553° C. (melting point) 

CaGa,Si,0s — 1,323° liquidus temperature 
CaAl,Ge,0s—>1,400° _ liquidus temperature 
CaGa,Ge,Os— 1,321° liquidus temperature 


The liquidus temperature of Ge-anor- 
thite was not determined, but it is well 
above 1,400° C. Here again is seen the 
greater effect of Ga as compared to Ge 
in temperature lowering. 

Although the anorthites appear to be 
unstable and cannot be crystallized free 
of some additional material, at certain 
temperatures these compounds can be 
obtained relatively pure. Ga-anorthite is 
best obtained at goo°, Ge-anorthite at 
1,000°, and Ga-Ge-anorthite at 750°C. 
It was found that on the basis of optical 
homogeneity Ga-Ge-anorthite could be 
obtained in the purest form of the three, 
and Ge-anorthite the least pure. At any 
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rate, it is possible to obtain X-ray pow- 
der patterns of these compounds without 
significant contamination of the pattern 
by the excess phases. In plate 2 the pow- 
der diffraction patterns of the lime com- 
pounds are shown, and the anorthite 
structure is apparent. 

Table 7 lists the refractive indices of 
the fully substituted lime compounds, 
including normal anorthite. These crys- 
tals are, for the most part, highly 
twinned. 
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The tendency for a decrease in the 
gap between refractive indices of crystals 
and corresponding glasses has already 
been noted in the alkali feldspars, the in- 
terval being greatest in the normal feld- 
spar and growing smaller in the order 
Ga compound, Ge compound, Ga-Ge 
compound. Table 7 shows the relations 
in the lime feldspars. The low (a) index 
of pure normal anorthite is virtually the 
same as that of anorthite glass. In Ga- 
anorthite the index of the glass becomes 


TABLE 6 
THERMAL DATA FOR THE LIME FELDSPARS 


Original 
Condition 


Composition 


Glass 


Glass +LiF flux 


in glass 


CaAl, Ge,Os 


Glass 
Glass+LiF flux 


| Glass 
| Oxides 


Oxides +LiF 


Glass 


CaGa, Ge Ox 


5} days 
3 he. 
3 hr 
3 hr. 
2} hr 
24 hr. 


Glass 


Temp 
ec.) 


Final Condition 
Ga-An+fine-grained high nm phase 
| Ga-An-+1o per cent or more high » phase 
| Ga-An+> 10 per cent high » phase 
| Ga-An+abundant lath and rod-shaped high n 
| inclusions 
Glass (50 per cent)+-at least 2 Xin phases— 
(1) tiny XIs, and larger rods and blocky XIs 
with high nm, inclined extinction, moderate 
birefringence; (2) lesser amounts of Ga-An 
Glass+blocky and needle-like high » prisms 
Glass+blocky 
Glass+ sparse tiny high » XIs 


Glass +rare tiny XIs 
All glass 


Inhomogeneous XIn aggregate; fine ‘‘perthitic- 
like”’ intergrowth of at least two phases 

“Striated” Xis of Ge-An (at least one other 
phase) 

Heavily “‘striated” XIs of Ge-An, full of high » 
inclusions and very cloudy; Ge-An content 
much lower than above material 

Ge-An X]s, full of aligned high n inclusions 

Xs Ge-An, full of greenish, large, irregular high 
n, low biref. Xls (> 50 per cent?) 

At least two isotropic high m Xin phases 

Inhomogeneous XIn material 

Glass (50 per cent), Ge-An Xls, blocky high n 


High n in glass 


Ga-Ge-An+5 per cent of a high » material 
Ga-Ge-An+moderate amounts of high » ma- 
terial 
| Ga-Ge-An-+over 50 per cent high » material 
Glass + two XIn phases (one may be Ga-Ge-An) 
| As above, more glass 
Glass+a high » (orthorhombic?) phase 
| Very rare XIs in glass 
All glass 


|_| 
= = = — = = = — > 
—_ 
fashr. | 850 
43 hr. 1,000 
43 hr. 1,000 
(St he, 1,101 
24 hr. 1,190 
: | Glass ‘ 
rh br 1,220 
| 3 hr. | 4,254 
(34 br. | 
2] hr. 1,321 
| | fash. | 830 | 
| | | 
| 7 days 1,000 
| 22hr. | 1,200 | 
| 24 hr. 1,200 | 
hr. 1,200 | 
“go min. 1,300 | 
| | } 24 hr. 1,360 | 
} (30 min. 1,400 
| | {4days | 750 
24 hr. goo 
Q00 
- | 
| | 38,254 
| | 1,296 
1,321 
| | 1,321 


slightly greater than the high index of 
the crystalline form. In Ge-anorthite 
this difference is more pronounced, and 
in Ga-Ge-anorthite the crystals have in- 
dices very much lower than the glass of 
their own composition. 

The densities of these compounds and 
their glasses have not been determined, 
and it is doubtful that density determina- 
tions on these finely crystallized and im- 
pure substances would be good enough to 
be of much value. The fact that the 
refractive indices of the glasses are 
greater than those of the crystals might 
indicate similar density relations. It 
would be of interest to know the true 
density relations between these crystals 
and glasses in connection with the prob- 
lem of the instability of the crystalline 
phases. It would be exceedingly difficult, 
however, to obtain these values at the 
elevated temperatures of equilibrium, 
and the relative relationships at room 
temperature might change at the tem- 
peratures of crystallization. The reversal 
of the normal crystal-glass indices ob- 
served might, however, be an indication 
of instability of the crystalline modifica- 
tions. 

Very few silicates have densities less 
than their corresponding glasses. The 
Handbook of Physical Constants (Birch, 
Schairer, and Spicer, 1942) lists but two: 
pure synthetic akermanite (Ca,MgSi,0,) 
and K,Si,O,, which is not known to exist 
as a mineral. The density of pure aker- 
manite is 2.944, its glass is 2.955, a dif- 
ference of 0.4 per cent. Crystalline K,- 
Si,O, has a density of 2.335; its glass is 
2.384,0.2 per cent greater. Pure akerman- 
ite is, however, quite rare, if it exists at 
all in nature, and again the relative den- 
sities at the melting temperatures are not 
known. The small difference in refractive 
indices of crystalline anorthite and anor- 
thite glass is expressed by a small differ- 
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ence in density, 2.765 for the crystals and 
2.700 for the glass. This is but 2.35 per 
cent, whereas albite crystals and glass 
differ by 8.6 per cent. In the light of the 
index data and labile nature of the fully 
substituted Ga- and Ge-anorthites, it 
might be that pure anorthite comes close 
to being an unstable mineral. 


TABLE 7 


REFRACTIVE INDICES OF FULLY SUBSTITUTED 
LIME COMPOUNDS AND THEIR GLASSES 


Refrac- 
tive CaALSi,Os | CaGa.SiOs CaAlLGeOs CaGaGeOn 
Index 
Glass..| 1.5755 | 1.633 1.658 1.745 
Crystals 
a . 1.576 1.625 1.641 1.705 
1.588 1.631 1.647 


PARTIAL SUBSTITUTIONS OF Ga AND Ge 
IN ANORTHITE 

To determine how much Ga or Ge the 
anorthite structure can take and remain 
stable, two compositions were prepared; 
one in which half the Al was replaced by 
Ga and one in which half the Si was 
replaced by Ge. The thermal behavior of 
these compositions is quite interesting, 
and, in order to evaluate this behavior 
more fully, anorthites with one-quarter 
and with one-eighth of the Al replaced 
by Ga were synthesized. These composi- 
tions are represented and designated as 
follows: 


CaGaAlSi,Os gallium anorthite” 
CaAl,SiGeOs germanium anorthite” 
Ca,(GaAl,)Si,O gallium anorthite” 
Ca,(GaAl,)SisO,,—“} gallium anorthite” 


X-ray powder photographs of the half- 
substituted crystals are included in plate 
2. 

The thermal data are presented in ta- 
ble 8. These compounds are stable, but 
it is not yet known how much more than 
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half the Si or Al can be replaced before 
they become unstable. The melting 
points of the partially substituted anor- 
thites are as follows: 
Ca,(GaAl,)SisO,,-—1,523° C. 
488° 
CaGaAlSi,Os —1,428° 
CaALSiGeO, —1,465° 


These are well-defined melting points; a 
small interval is observed in the case of 
} Ge-anorthite, but it is probably due to 


TABLE 8 
THERMAL DATA FOR THE PARTIALLY SUBSTITUTED LIME COMPOUNDS 


Original 


Time 
Condition 


Composition 


1 hr. 


CaGaAlSi,Oy 
1} hr. 


Glass 


Glass gomin. | 
Crystals 

Glass 

Crystals 

Glass 

Crystals 


Ca,(GaAl,)SiOw 


Ca,(GaAl,)Sigl do Crystals 


Glass 
Crystals 
Glass 
Crystals 
Glass 


CaAl,SiGeO, 


the mixture’s being somewhat ofi-com- 
position. An excess phase, which has the 
optical characteristics of §-Al,O,, is 
found in runs of this composition and is 
probably present as a consequence of 
GeO,-loss during fusion of the mix. It is 
again observed that the Ga compound 
has a lower melting point than the Ge 
equivalent. 

The sharp melting points observed in 
the half-substituted compounds were un- 
expected. Consider only the Ga-anor- 


Temp. (° C.) 
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thites, neglecting the Ge compounds, 
which, for the purposes of discussion, are 
equivalent. CaGaAlSi,Os can be viewed 
as a solid solution, midway between anor- 
thite and Ga-anorthite in composition. 
Even though the gallium end-member is 
unstable, it might be expected that the 
stable mid-point would exhibit a melting 
interval that is typical of solid solutions. 
The } and } compounds were prepared in 
order to evaluate this situation ; for, if the 


Final Condition 
Xin § Ga-An 
All glass 


1,420 
1.430 
| XIn } Ga-An 
| All glass 
| Xin 4} Ga-An 
| XIn } Ga-An 
| All glass 
| All glass 
Xin Ga-An 
| XIs 4 Ga-An in glass (>4 glass) 
| All glass 
| XIs ¢ Ga-An 
XIs § Ga-An 
| All glass 
| All glass 
| XlIn § Ge-An+small amounts of 8- 
ALO, (?) 
| XIn Ge-An+glass(4)+some 8-Al,O, (?) 
Glass+some 8-Al,O, (?)+several small 
of § Ge-An 


1,486 


} compound represented a composition at 
or near the minimum temperature on a 
solid-solution curve with a minimum, it 
would melt over little or no temperature 
interval. The } and } Ga-anorthites were 
also found to melt sharply, however, 
within the limits of experimental error. 
Thus all these compositions (and also 
} Ge-anorthite) have a melting behavior 
characteristic of pure ‘end-member” 
compounds and unlike that of mix 
crystals. 


| 
| 
(30 min. 
30 min. 
4 hr. 
4 hr. 
sf hr. 
s$hr. 
. hr. 
Glass thre. 
hr. 


A melting diagram of the system 
is presented in 
figure 1. Additional compositions are 
necessary to complete the diagram, par- 
ticularly in the region beyond 4 Ga-anor- 
thite, where the stability conditions are 
unknown. The stable portion of this sys- 
tem appears to be unique, however; the 
writer knows of no other systems in 


oO 
° 


Crystalline Ga- containing 


Anorthtes 


mol (unstobie) 


Fic. 1.—Melting diagram of the system CaAl,Si,O¢-CaGa,Si,O¢ 


which a solid solution exists that can be 
represented by a single straight line and 
without distinct solidus and _ liquidus 


curves. 

The observed relations shown in figure 
1 are puzzling. The single line probably 
represents the very close approach of the 
normal liquidus and solidus curves, the 
melting interval being so small that it 
cannot be detected within the experi- 
mental error of temperature and compo- 
sition control. Bowen (1913), in his well- 
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known paper on the plagioclase feldspars, 
assumed perfect solutions and thus de- 
rived equations for the liquidus and soli 
dus curves in a complete series of solid 
solutions. The calculated curves fit his 
experimental data very well indeed. He 
calculated the heat of melting of anor- 
thite to be 29,000 cal/mol (104 cal/gm). 
Seltz (1934), using fugacities and activi- 
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Temperoture 


ties, derived similar expressions. These 
relations are such that the liquidus and 
solidus curves approach each other as the 
latent heat of melting of either end-mem- 
ber becomes very small, and a single 
straight line can result only if the two 
end-members melt at the same tempera- 
ture. If, however, the latent heats of the 
end-members equal or are close to each 
other (AH, ~ AH,), the liquidus and 
solidus curves tend to become symmet- 
rical about a straight line; and if both are 
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small, a straight-line relation is ap- 
proached. 

Figures 2 and 3 are computed melting 
diagrams in which the latent heats have 
been varied. The composition of } Ga- 
anorthite has been used as an end-mem- 
ber merely to facilitate computation and 
should not be considered as the real end- 
member compound. In figure 2 Bowen’s 
value of 29,000 cal/mol is used as AH for 


8607 - 


mo V2 Ge- mote 


Fic. 2.—Computed melting diagrams of an- 
orthite and § Ga-anorthite (used as an end-member). 
The accepted value of AH = 29,000 cal/mol is used 
for anorthite, and arbitrary values of 5,000¢ cal/mol 
(upper set of curves) and 20,000 cal/mol (lower set 
of curves) are used for 4 Ga-anorthite. 


anorthite; an arbitrary value of 5,000 
cal/mol for } Ga-anorthite produced the 
upper set of curves, and in the lower set 
a value of 20,000 cal/mol was used. 
Lower values of AH7 were assumed for 
anorthite in figure 3: 20,000 cal/mol for 
both latent heats produced the wider set 
of curves, and 5,000 cal/mol for both 
end-members produced the narrower set. 

These diagrams illustrate the problem 
at hand. The experimentally determined 
curve is not easily reconciled with the 
large value of AH/ for anorthite. Assign- 
ment of a very small latent heat to } Ga- 
anorthite would produce a very small 
melting interval, but the melting curves 
would be nonlinear. One might expect 
just this relation to hold, as it is quite 
possible that the heat of melting of the 
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Ga-containing anorthites becomes very 
small; their unstable nature beyond a 
certain Ga concentration would suggest 
this. The narrow loop of figure 3 matches 
the experimental data very well. The 
maximum spread in the loop is but 3°-4° 
C., which, if determined experimentally, 
would be plotted as a straight line. The 
value of AH used for anorthite in this 
calculation (5,000 cal/mol) is, however, 
far out of line with the accepted one. A 
maximum spread of 11°-12° C. results 
(fig. 3) if values of 20,000 cal/gm are 
used. 

Additional thermodynamic data are 
necessary in this system. Calorimetric 
determinations of heats of solution on 
the crystals and glasses are planned, and 
this plus specific heat data should give a 
more comprehensive picture of the situa- 
tion. In addition to the latent heat data 


1$€ 


Fic. 3.—Same as fig. 2 (computed curves) except 
that arbitrarily lower values are also used for an- 
orthite. Latent heats of 20,000 cal/mol used for both 
end-members in the wider set of curves, and 5,000 
cal/mol for both in the narrower (dashed) set. 


there are several other factors that 
should be considered and that might be 
effective in producing the observed 
straight-line relation: 

a) These mixtures may be nonideal 
in character. The first addition of Ga 
may be the most effective in lowering the 
latent heat of fusion of the mix-crystals, 
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ie., the AH curve for the mixtures may 
be nonlinear. 

by The composition of } Ga-anor- 
thite has arbitrarily been used as an end- 
member in these calculations. It is not 
yet known how far beyond this composi- 
tion the anorthites are stable, but con- 
sideration of an end-member richer in 
Ga would affect the results. 

c) If diffusion of Ga and Al is very 
slow in the process of melting or crystal- 
lization, the crystals might tend to melt 
sharply. Assuming that under equilib- 
rium conditions the system would show 
a melting loop, lack of diffusion would 
prevent enrichment in the liquid of the 
lower melting component during melting 
(and prevent enrichment in the crystals 
of the higher melting component during 
crystallization). The mix-crystals would 
then behave as a one-component system 
and would melt to a liquid of their own 
composition. An apparently straight- 
line nonequilibrium melting curve might 
result. Thirty-minute runs had been used 
to determine the melting curve, but sev- 
eral 4~5-hour runs were made on } and } 
Ga-anorthite to check this possibility. 
As seen in table 8, the results on both 
crystals and glass were the same as in 
the 30-minute runs. Considering the high 
temperatures involved, it is not likely 
that diffusion would be slow enough to 
prevent equilibrium melting or crystal- 
lization. It is also to be noted that this 
effect is not observed in the albite-anor- 
thite system, where crystal-liquid equi- 
librium involves diffusion not only of Al 
and Si but also of Na and Ca. 

The question of the “degree of perfec- 
tion” of the Ga and Ge substitutions in 
anorthite is of interest in connection with 
the stability relations of pure anorthite. 
Al and Si can be completely replaced by 
Ga and Ge in the alkali feldspars, and 
the structure remains stable. The fact 
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that the lime feldspar will not accept 
complete replacements of Al and Si must 
be due to a difference between anorthite 
and the alkali feldspars, as the substitu- 
tions are the same. If the substitution is 
perfect or near-perfect in the alkali feld- 
spars, why do anorthites become unsta- 
ble when something over half the Al or 
Si is replaced by Ga or Ge? It was pre- 
viously stated that pure anorthite may 
come close to being an unstable com- 
pound. Complete Ga or Ge replacement, 
even though these substitutions may be 
near-perfect, is sufficient to produce in- 
stability; this fact may be a good indica- 


TABLE 9 


REFRACTIVE INDICES OF THE PARTIALLY 
SUBSTITUTED LIME COMPOUNDS 
AND THEIR GLASSES 


Refractive | CaGaAlSiOs| CaAlSiGeOs 
Index | | 
Glass 1.591 1.608 5.601 
Crystals 
a 1.59! 1.604 1. 608 
ear 1.596 1.611 1.615 


tion of the “near-instability’’ of anor- 
thite. 

The optical data are presented in 
table o. 

Comparison of the glass-crystal refrac- 
tive-index relations of these stable com- 
positions with the fully substituted com- 
pounds is interesting. Both of the half- 
substituted compounds have glass in- 
dices that are approximately the mean 
of the crystal indices. The } Ga com- 
pound has relative values similar to ordi- 
nary anorthite. The fact that the half- 
substituted compounds have average 
refractive indices equal to their glasses 
appears to be in line with the above dis- 
cussion of stabilities. This might indicate 
a very small value of A// for these com- 
positions, in which case the free energies 
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of the liquid and crystals would be nearly 
the same. 


THE RELATIVE EFFECTS OF Ga AND Ge 
ON THERMAL PROPERTIES 


In all the compounds considered it has 
been observed that Ga has a greater in- 
fluence on the melting temperatures than 
does Ge. The weakening of the structures 
by Ge replacement is not very great, as 
observed from the melting points of the 
Ge compounds as compared to the nor- 
mal feldspars. In the alkali feldspars the 
Al-Si ratio is 1:3, yet the one-atom Ga 
replacement is much more effective in 
lowering melting temperatures than is 
the three-atom Ge replacement. The 
liquidus temperatures of the unstable 
anorthites show this same relation; and 
Ga-anorthite has approximately the 
same liquidus temperature as does Ga- 
Ge-anorthite. 

The reasons for this behavior, particu- 
larly in complex crystals of the feldspar 
type and in liquids composed of three or 
four oxides, are not easily evaluated; the 
whole crystal-liquid energy picture is not 
known, and the computation of bond 
strengths is exceedingly difficult and 
would be of doubtful significance. The 
melting phenomena of silicates in gen- 
eral as related to structure is complex 
and has not been successfully treated. 
Wickman (1943) briefly considers the 
problem and points out the great ther- 
mal stability of network-type silicates 
with a 1:1 Al-Si ratio. Buerger (1948), in 
discussing the melting reidfions with 
respect to the number of shared oxygen 
atoms (in network structures, such as 
the feldspars, all oxygen atoms are 
shared), states: 

Consider now the effect of aluminum. If the 
aluminum proxies for silicon in certain tetra- 


hedra, the saturation of the oxygens of those 
tetrahedra is reduced and they are capable of 
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contributing to stronger bonding between sili- 
cate units than without the aluminum. In this 
way, the presence of aluminum proxying for sil- 
icon in a silicate increases its disintegration tem- 
perature and consequently raises its position in 
the reaction series. This is true for both discontin- 
uous and continuous reaction series. The effect of 
aluminum in a discontinuous reaction pair can 
be seen in the higher position of leucite (Al:Si = 
1:2) with respect to orthoclase (Al:Si = 1:3). 
The effect of aluminum in a continuous reaction 
series is illustrated by the higher position of anor- 
thite (Al:Si = 1:1) with respect to albite 
(Al:Si = 1:3). 


The structural picture as it effects 
melting behavior is quite complex, and 
Buerger’s discussion is an oversimplifica- 
tion. The effect of the cation is not con- 
sidered ; yet its bonding energy cannot be 
neglected. The melting points of the fol- 
lowing anorthite-like compounds illus- 
trate this: 

CaAl,Si,Ox (anorthite) 
SrALSif ds 
BaALSi.Ox 


In the example of the anorthite-albite 
melting relations, consideration of only 
the Al-Si ratio and neglect of the cation 
change is perhaps not justified. 

In orthosilicates, with isolated tetra- 
hedra, melting can occur without break- 
ing tetrahedral bonds. In structures with 
an increasing number of shared O atoms, 
an increasing number ef tetrahedral 
bonds may be broken during thermal 
breakdown. In feldspar-type structures, 
where sharing of O is complete, these 
bonds must be broken, and many of 
them must be disrupted in order to melt 
the crystal. Not neglecting the cations, 
it is difficult to say a priori where the 
weakest points for breakdown will be. 
The relatively low melting behavior of 
the Ga feldspars might indicate, how- 
ever, that, irrespective of the strength- 
ening effect of a trivalent atom (and its 
attendant divalent cation) in a network 


alumino-silicate, the weak link is a bond 
to the trivalent atom. 

Another explanation that is not de- 
pendent on an analogy between Ga and 
Al in the structure might account for the 
large effect of Ga on the melting points. 
Dr. Fritz Laves has pointed out to the 
writer that, in many intermetallic com- 
pounds, Ga is highly polarized. If the Ga 
atom is distorted in the feldspars, its 
bond strengths to the surrounding four O 
atoms may be nonuniformly distributed; 
it may be preferentially bonded to one, 
two, or three oxygens. If so, the corre- 
spondingly weakened bond or bonds may 
be responsible for breakdown at lower 
temperatures. 


SUMMARY AND CONCLUSIONS 


The synthesis of feldspars in which Al 
and Si have been replaced by Ga and Ge 
is described, and some of their crystal- 
chemical properties described. One of the 
principal reasons for the synthesis of 
these compounds is the better evaluation 
of the order-disorder relations within this 
group of minerals; the present paper does 
not, however, consider this phase of the 
investigation. The work here described is 
but a beginning, and it is hoped that 
additional work with these synthetic 
compounds will lead to a better under- 
standing of the natural alumino-sili- 
cates. In addition to making use of the 
difference in X-ray scattering power pro- 
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THE OPTICS OF TRICLINIC ADULARIA’ 
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ABSTRACT 


Adularia traditionally has been described as monoclinic. Sections of adularia crystals from several locali- 
ties, studied on the universal stage, show optical orientations inconsistent with monoclinic symmetry, The 
optical deviation from monoclinic symmetry is absent or very small in the cores of the crystals but increases 
toward the surfaces. The optical orientation and axial angles of triclinic adularia vary from those of mono- 
clinic adularia in the direction of sanidine rather than of microcline. Triclinic adularia occurs as a secondary 
modification of monoclinic adularia. It has distinctive optical behavior which establishes it as a variety of 


potash feldspar. 
INTRODUCTION 


Former investigators have described 
four optically distinct types of potash 
feldspar: adularia, orthoclase, sanidine, 
and microcline. Adularia, orthoclase, and 
sanidine traditionally have been de- 
scribed as monoclinic; microcline is tri- 
clinic. The name “ orthoclase” has both a 
general and a more specific usage. It is 
occasionally applied to the whole family 
of monoclinic potash feldspars, occasion- 
ally to a subgroup within that family. 
This subgroup is poorly defined. In much 
of the literature the name “ orthoclase”’ is 
commonly used for any monoclinic pot- 
ash feldspar which does not possess the 
distinctive characteristics of adularia or 
sanidine. And even these two minerals 
are defined differently by different writ- 
ers. In this paper the general relation- 
ships between the potash feldspars as re- 
ported in the literature are outlined, 
some recognized complications are re- 
viewed, and further complications intro- 
duced by the present findings are de- 
scribed and evaluated. 

The orthoclase family consists of three 
members: adularia, ordinary orthoclase, 
and sanidine. All three are commonly 

* Manuscript received May 20, 1950. Presented 


at the November, 1949, Annual Meeting of the 
Geological Society of America. 
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said to be structurally and optically mon- 
oclinic, with (o10) as the plane of sym- 
metry. Adularia is generally considered 
to be the low-temperature member, usu- 
ally restricted in occurrence to vein de- 
posits and ore bodies. It has a distinctive 
crystal habit limited almost entirely to 
the forms (110), (001), and (Tor). In 
most descriptions it is characterized opti- 
cally by extinction parallel to (o10) in the 
zone |o10}; by the position of the optic 
plane, which is normal to (o10) and 
nearly parallel to (001); and by a nega- 
tive axial angle of about 50°-70°, a being, 
in all cases, near [100]. 

Ordinary orthoclase is not distin- 
guished by any single mode of occurrence 
or crystal habit, as is adularia. It is opti- 
cally similar to adularia, although some 
writers, such as Spencer (1937), report 
that “true” orthoclase has a smaller aver- 
age 2V (25°-s50°) than has adularia. 

Sanidine, the high-temperature mem- 
ber of the orthoclase family, is usually 
found in dikes, stocks, flows, etc. It, too, 
is monoclinic, but optically it differs from 
both ordinary orthoclase and adularia. 
In sanidine the optic plane may be either 
normal or parallel to (o10), and the nega- 
tive axial angle is variable (o°-6o”). 

Perhaps the best optical classification 
of these feldspars was that given by 
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Spencer in his paper on the thermal sta- 
bility of the potash-soda feldspars. His 
classification is outlined graphically in 
figure 1. Spencer distinguishes between 
the three members of the orthoclase fam- 
ily principally by the size of 2Va. Sani- 
dine, for example, has a 2V of less than 
25° when the optic plane is normal to 
(o10); but, if the optic plane is parallel to 
(o10), 2V may be as large as 50°-60°. 
Thus in the orthoclase family the optic 
plane tends to be parallel to the sym- 


CHAISSON 


sanidine optics upon proper heat treat- 
ment. 

Microcline is triclinic. Its crystailo- 
graphic angle, y, deviates from go” by 
2}° (see accompanying paper by Laves 
in this issue of the Journal), but this 
small deviation is expressed optically by 
a striking extinction angle of 15°-20° 
measured from the (o10) cleavage in 
(001). The optic plane is nearly perpen- 
dicular to the (o10) cleavage. The optic 
angle is large, about 80°(—). Microcline 
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metry plane if the temperature of crystal- 
lization is high, and to be normal to it if 
the temperature is low. Adularia and or- 
dinary orthoclase have been subjected to 
heating experiments by a number of in- 
vestigators, including Des Cloizeaux 
(1861, 1862), Merwin (1911), Kézu 
(1925), Barth (1931), and Spencer (1937). 
In general, adularia resists optical change 
more stubbornly than does ordinary 
orthoclase, but there is considerable 
variation in behavior from specimen to 
specimen of either mineral. When held 
for periods of about 100-300 hours at 
temperatures varying between goo° and 
1,120° C., the optic angles of most speci- 
mens decrease to o° and open out again 
in the symmetry plane (o10). Thus or- 
dinary orthoclase and adularia assume 


Outline of the optical classification of the potash feldspars modified from Spencer (1937) 


undergoes some optical change upon heat 
treatment, but it is decidedly more re- 
sistant to change than is orthoclase. 
Some, but not all, specimens of micro- 
cline lose their cross-hatch structure and 
acquire sanidine optics after heating at 
about 1,075°C. for 300 hours or more 
(Spencer, 1937). Microcline and adularia 
are characteristically more resistant to 
sanidinization than is ordinary ortho- 
clase. 

The two stereograms of figure 2 illus- 
trate the optical orientation of these four 
types of potash feldspar as seen on a 
stereographic projection normal to the 
c-axis. 

EARLIER INTERPRETATIONS 


The stereograms of figure 2 and the 
foregoing description present the classical 


picture of the optical relationships among 
the potash feldspars. It is an oversimpli- 
fied picture, and numerous observed 
deviations from it have long been a 
source of concern among mineralogists. 
Some believe that the generally mono- 
clinic optics of the orthoclases and the 
triclinic optics of microcline express two 
fundamentally different crystal lattices. 
They embellish their argument by point- 
ing out that the two forms have slightly 


different indices of refraction, specific 
gravities, and behaviors upon heating 
(see, e.g., Winchell, 1933, p. 354). That 
these differences are great enough to be 
significant is denied by others. 

Other workers believe that there is 
structurally only one potash feldspar; 
that it is triclinic; and that what appear 
to be monoclinic optical properties are 
the illusion created by submicroscopic 
twinning of triclinic individuals. In 1876 
Mallard studied the optical results of 
twinning in a number of minerals, includ- 
ing orthoclase and microcline, and first 
observed the peculiar triclinic optical ef- 
fects in adularia which are the primary 


Fic. 2.-—Stereograms illustrating the optical orientations of A, the orthoclase family, and B, microcline 
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consideration of this paper. Mallard’s 
conclusion has had many supporters, in- 
cluding Michel-Lévy (1879), Groth 
(1889), Hintze (1893), Brégger (1890), 
and Barth (1929). Because his optical 
observations presented a problem which 
to this day remains in dispute, Mallard’s 
original description of the optics of tri- 
clinic adularia is given here. 

Mallard obtained small, clear crystals 
of adularia from the vein deposits of St. 


Gotthard, Switzerland. He made thin 
sections normal to the c-axis and studied 
them under the polarizing microscope. 
In this section the crystals have a rhom- 
bic outline, the short diagonal of which is 
parallel to the (o10) cleavage. Mallard 
noted that the rhombs did not behave as 
single crystalline units but that the cen- 
ters of the rhombs showed extinction 
parallel to (o10); and the edges showed 
extinction angles of 2°-3° from (o10). The 
edges of the rhombs behaved optically as 
though they were divided into four sec- 
tors, as illustrated in figure 3, which is 
sketched from Mallard’s publication. 
The (110) and (TTo) areas went to ex- 
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tinction simultaneously in the positive 
direction; (T10) and (1To), simultane- 
ously in the negative direction. Thus, al- 
though the cores of the adularia crystals 
appeared to have monoclinic extinction, 
the edges were optically triclinic. Mal- 
lard did not believe that a truly mono- 
clinic mineral could produce triclinic op- 
tical effects, but he analyzed carefully the 


Fic. 3.—Sketch, after Mallard (1876), of adu- 
laria crystal cut normal to the c-axis. 


probability that triclinic material when 
properly twinned could produce mono- 
clinic effects. Mallard stated: 

It is easy to see, in effect, that the purest 
samples of orthoclase show traces of a funda- 
mentally triclinic lattice . . . crystals of adularia 
from St. Gotthard show a true passage from 
microcline to theoretically homogeneous ortho- 
clase. It is these passages which, to my mind, do 
not permit the separation of orthoclase and 
microcline into different species |author’s trans- 
lation]. 


Such a conclusion could be neither 
substantiated nor disproved by optical 
data alone. Numerous mineralogists have 
used optical, X-ray, and thermal meth- 
ods to study the general problem of the 
potash feldspars; but, since Mallard, ap- 
parently only three people have investi- 
gated the specific problem of triclinic 
adularia. 

Federov, in 1912, commented that 
etch figures on the surfaces of adularia 
crystals from St. Gotthard indicated 
some deviation from monoclinic sym- 
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metry. He made no optical study of the 
crystals. 

Barth (1928, 1929) studied thin sec- 
tions of adularia and described micro- 
cline-like cross-hatching. He reported 
albite, pericline, and acline twinning. All 
these are triclinic twins. However, be- 
cause Barth reports that his X-ray stud- 
ies show the lattice of this adularia to be 
only 10’ from monoclinic symmetry, it is 
difficult to see how any difference be- 
tween albite and pericline twinning can 
be observed. His X-ray data and his con- 
clusions are discussed at some length in 
the accompanying paper by Laves on the 
structure of the potash feldspars. 

Kohler (1948) measured extinction 
angles on a number of adularia crystals. 
He confirmed Barth’s observations of al- 
bite and pericline twinning and micro- 
cline-like cross-hatching. He reported 
that most crystals show triclinic optics 
around any inclusions, fissures, or dis- 
turbed zones but that from one locality 
he found whole crystals that showed ex- 
tinction angles and 2V almost identical 
with microcline. Kéhler suggests that 
adularia forms as a monoclinic mineral 
and then changes to microcline. The 
change begins in a patchy manner at the 
edges or around any disturbed areas 
within the crystal and eventually spreads 
over the entire crystal. Thus Kohler be- 
lieves that adularia is a triclinic mineral, 
but he is not satisfied that his optical ob- 
servations are sufficient for the drawing 
of final conclusions. 


METHOD OF THE PRESENT INVESTIGATION 


Former optical work on adularia has 
been limited almost entirely to studies of 
extinction angles on oriented thin sec- 
tions. The present work is an attempt to 
correlate detailed universal-stage deter- 
minations with X-ray studies. 

Adularia crystals from several widely 
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separated localities were obtained, and at 
least two, or even three or four, differ- 
ently oriented thin sections were made of 
each crystal. Optical measurements were 
made at several spots on each section, 
after which the section was removed 
from its mounting and X-ray precession, 
rotation, or Laue pictures were made of 
the precise spots measured on the univer- 
sal stage. The optical data will be dis- 
cussed here, the X-ray data in the ac- 
companying paper by Laves. 

Studies were made of adularia from 
St. Gotthard and Tavetschtal, Switzer- 
land; Mount Vesuvius, Italy; Salzburg, 
Austria; and Guanajuato, Mexico. A 
striking consistency in optical behavior 
was noted in adularia from all these 
localities. 

At each spot chosen for measurement 
the three axes of the indicatrix, the optic 
axes, and the poles of all cleavage planes 
and crystal faces present were located 
and plotted on a Wulff net. The position 
of the c-axis was deduced, plotted, and 
then rotated to the center of the net. 
Thus all optical and crystallographic ele- 
ments, after rotation in the same direc- 
tion and of the same amount as the 
c-axis, are projected on a plane normal to 
the c-axis. In all stereograms the trace of 
the plane (o10) is the north-south diame- 
ter of the figure. This makes possible di- 
rect comparison of all the stereograms. 

In monoclinic crystals the a-axis of the 
indicatria emerges on the (o10) cleavage 
trace. In triclinic crystals it deviates 
from the (oro) plane by varying amounts. 
The plane including a and the c-axis ro- 
tates about the c-axis in the same direc- 
tion as the plane containing the a- and 
c-axes of the lattice. This is proved by 
X-ray pictures of carefully oriented 
crystal fragments. The optical rotation is 
measured with reference to the following 
system of co-ordinates: 
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(o10)A (001) = 89°50’, 
(o10)A(100) = 89°33’, 
a = 89°57’, 

B = 116°, 

= 90°24’. 

On the stereograms (010)Aac is arbi- 
trarily called @. There is also, in the tri- 


Trictinic \ (O10 ) 


Fic. 4.—A, schematic drawing of adularia crys- 
tal cut norma! to the c-axis, illustrating variation in 
extinction angles from core to edges. B, drawing of 
adularia crystal from St. Gotthard, showing meas- 
ured values of extinction angles in section normal 
to the c-axis. C, schematic drawing of crystal from 
Mount Vesuvius, showing monoclinic and triclinic 
areas as seen in section cut parallel to (100). 
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clinic material, a clockwise (as seen in 
the positive direction of the a-axis) rota- 
tion of the optic plane about the a-axis of 
the indicatrix. The size of @ and the 
amount of the rotation of the optic plane 
are more or less independent measures of 
the deviation from monoclinic sym- 
metry. 
FALSE ZONING 


Many crystals, viewed in the plane 
normal to the c-axis, show the char- 
acteristics described by Mallard. The 
crystals appear rhombic. They have 
cores with extinction parallel to the (o10) 
cleavage and edges with slightly inclined 
extinction (fig. 4, A, B). This is not, how- 
ever, a simple core-and-mantle relation- 
ship. Some crystals, when seen in a sec- 
tion cut parallel to (100), appear as 
sketched in figure 4, C. The shaded area 
shows parallel extinction, the light area, 
inclined extinction. The plane separat- 
ing these two areas is (ok/), which is not 
a common growth plane in adularia. 
Thus it is believed unlikely that the ob- 
served optical differences from center to 
edge reflect zoning during crystal growth. 
To check the possibility of these areas 
being distinct because of compositional 
change, spectrographic analyses’ were 
made of material from the monoclinic 
and triclinic parts of the same crystals. 
The two areas showed no significant 
differences. Compositional zoning dur- 
ing growth and, for that matter, zoning 
due to subsequent replacement are thus 
excluded. The differences are therefore 
structural. 


THE OPTICAL DATA 


Several crystals of adularia from St. 
Gotthard, Switzerland, were measured. 
The optical behavior typical of the St. 


*Spectrographic analyses kindly made by O. 
Joensuu. The Mount Vesuvius crystals investigated 
had an average Na.O content of 0.4 per cent. 
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Gotthard material is illustrated in the 
stereograms of figure 5. In this figure, A 
shows the optics of a tiny, clear crystal 
which had grown upon a much larger 
one. It behaved as a single, wholly mono- 
clinic crystalline unit and conformed to 
the classical picture of adularia. 

Figure 5, B and C, represent the large 
crystal upon which the smaller one of 
figure 5, A, had grown. It shows radically 
different optical behavior. No part of the 
crystal is optically monoclinic. At the 
core the angle dis 4°5,2V = 58°(—). The 
optic plane is slightly inclined from the 
normal to (oro). At the edge of the crys- 
tal, @ is 15°5, 2V = 47° (—). The optic 
plane is decidedly inclined from the nor- 
mal to (oro). Figure 5, D, illustrates the 
peculiar behavior of a crystal consisting 
of a pair of albite twins. The optical 
orientation of each individual is referred 
to the same above-mentioned geometrical 
system of co-ordinates. The X-ray pic- 
tures of the two individuals showed no 
structural differences. Nevertheless, the 
two optic planes are oriented differently. 
As adularia crystals lose their monoclinic 
symmetry, the optic planes depart from 
a plane normal to (o10) and rotate in 
varying degrees around the a-axis of the 
indicatrix. In this twinned crystal, one 
optic plane has rotated clockwise, the 
other anticlockwise about a. This is the 
only crystal measured which showed an 
anticlockwise rotation of the optic plane. 

Figures 6 and 7 illustrate the optical 
behavior of adularia from Mount Vesu- 
vius, Italy, and Guanajuato, Mexico. 
Figure 6 shows the optical variations 
within a crystal typical of the material 
from Mount Vesuvius. The crystal is 
twinned after the albite law, with (100) 
the composition plane. This plane zig- 
zags somewhat in the zone of the c-axis. 
The material on either side of the (100) 
plane is somewhat cloudy and shows 
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faint traces of poorly defined lamellae 
too small to be measured as individuals. 
These may possibly be pericline twins. 
They give a good, easily measured, aver- 
age extinction. The areas measured are 
indicated on the sketch of the crystal 
(fig. 8). Areas 2 and 3 are essentially iden- 
tical albite twins, as are areas 4 and 5. 
Therefore, both stereograms 6, B and C, 
are an average of two superimposed 
measurements. 
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At the core this material has a small 
@-angle of 2° and the optical orientation 
of monoclinic orthoclase. Approximately 
halfway to the core the @-angle is 5°5, and 
the optic plane has undergone a clock- 
wise rotation and approaches a position 
parallel to (o10). At the edge the ¢-angle 
is 6°, and the optic plane has rotated 
somewhat past a position parallel to 
(o10). The angle 2V is small, approxi- 
mately 24° from core to edge. Thus this 


Fic. 5.—Stereograms of St. Gotthard adularia. A, a tiny, wholly monoclinic crystal; B, optical orienta- 
tion at the core of a larger crystal; C, orientation at the edge of the same crystal as B; D, orientation of optic 
planes in a pair of albite twins, showing clockwise and anticlockwise rotation of optic planes around a. 


245 » 
2v=64° 4 2v-58° ‘a 
| K 
4 \ 
t 
(001) (001) 4 
a 
ae 

t 4 

{ 

S 
© ~ | 


544 


material shows a complicated combina- 
tion © optical properties. The core has 
the orientation of orthoclase, and the 
2V of sanidine; the edges show mono- 
clinic extinction angles and an orienta- 
tion and 2V approaching, but not dupli- 
cating, those of sanidine. 

Figure 7 illustrates the optics of the 
adularia known as “valencianite’”’ from 
the Valencia silver mine at Guanajuato, 
Mexico. This material is twinned, as is 


\ 


Fic. 6. 
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that from Mount Vesuvius, after the 
albite law, with (100) the composition 
plane. Here again the (100) plane is 
somewhat irregular in the zone of the 
c-axis. The sketch of the crystal (fig. 9) 
emphasizes the peculiar blotchy appear- 
ance which may be caused by poorly de- 
veloped pericline twinning. 

Figure 7, A, illustrates the albite twin 
relationships of areas 7 and 2 of figure 9. 
Each of these two individuals appears 


Stereograms of adularia from Mount Vesuvius. A, area z in fig. 6; B, areas 2 and 3; and C, 
areas yg and 5 
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essentially monoclinic. The angle @ is 
o°-}°, the optic plane is practically par- 
allel to (o10), and 2V is 45° (—). Figure 
7, B, represents the average optical be- 
havior of ten areas measured upon and 
near the edges of the crystal. All these 
areas were optically very similar. The 
average ¢ is 6°, the average 2V is 56°, 
and the optic plane is nearly parallel to 
(o10). Thus, at the core, the valencianite 
specimen has albite twins with essentially 
monoclinic sanidine optics. At the edges 
it shows albite twinning, with triclinic 
extinction angles and the sanidine optic 


Fic. 7. 


ten areas measured near the edges of the crystal. 


(100) 
@ © 


Fic. 8. 


text. 
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Sketch of adularia crystal from Mount 
Vesuvius, showing areas measured and described in 
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Measurements have been made of 
numerous adularia samples from these 
and other localities. In a general way the 
patterns outlined above are followed by 
all the other samples studied. For pur- 
poses of ready comparison, table 1 lists 
¢@-angles, 2V, and the orientation of 
several specimens. 
CONCLUSIONS 

The optical behavior of adularia is 
complex. Some crystals are optically 
monoclinic, some triclinic, some show 


both monoclinic and triclinic optics. Of 
those crystals showing both monoclinic 


Stereograms of adularia from Guanajuato, Mexico. A, areas 1 and 2 of fig. 9; B, the average of 


Sketch of adularia from Guanajuato, 


Fic. 9. 
Mexico. 
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and triclinic optical behavior, some show 
a gradual, progressive change of proper- 
ties. Others change along sharp boun- 
dary lines. The present study shows 
that, in general, the smallest (approxi- 
mately 1-2 mm.) crystals of adularia 
show wholly or nearly monoclinic optics. 
Larger crystals (3 mm. and larger) 
commonly show extinction angles which 


Locality Part of Crystal Measured 


Single, small crystal 
Single, small crystal 
Single, smal: crystal 
Single, small crystal 
Core of large crysial 
Edge of same crystal 
Core of large crystal 
Near core, same crystal 
Edge of same crystal 


St. Gotthard 


Core of large crystal 
Near core, same crystal 
Edge of same crystal 
Tavetschtal 
Edge of same crystal 
Core of crystal 

Edge of same crystal 


Core of large crystal 
Near core of same crystal 
Edge of same crystal 
Core of large crystal 
Edge of same crystal 


Mt. Vesuvius 


Core of large crystal (av. of 2 areas) | 
Edge of same crystal (av. of 10 


Guanajuato Mexico 
areas) 


are small toward the core but increase 
toward the edges of the crystal. The 
largest extinction angle seen by the 
writer in triclinic adularia crystals ori- 
ented normal to [oo1] approximates the 
extinction angles of microcline. It is evi- 
dent that extremely small structural dif- 
ferences, some of which are too small to 
be measured by X-ray methods, cause 
striking changes in the shape and orien- 
tation of the indicatrix within the same 
crystal. According to the classification 
of Spencer (1937, his fig. 1), monoclinic 


TABLE 1 


Core of crysta! (av. of 4 areas) 
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adularia resembles microcline in the size 
of its axial angle more closely than does 
any other member of the orthoclase 
family. But Spencer (who makes no men- 
tion of triclinic adularia) does not sug- 
gest that there is any connection between 
the two. On the other hand, observations 
of the extinction angles in triclinic adu- 
laria convinced Mallard that all ortho- 


| 
| Orientation of Optic 


Plane to (oto) 


| (In Degrees)| (In Degrees)| 


Normal 
Essentially normal 
Essentially normal 
Normal 

Nearly normal 
Inclined about 45° 
Inclined about 15° 
Inclined about 15° 
Inclined about 45° 


ver Of 


Essentially normal 
Essentially normal 
Essentially normal 
Essentially normal 
Nearly parallel 
Normal 

Nearly normal 


Mw 


Nearly normal 
Inclined past 45° 
Essentially parallel 
Essentially normal 
Essentially parallel 


DMN 


Parallel 
Nearly paralle! 


— 


clases are 
microcline. 

The results of the present study indi- 
cate that triclinic adularia is not iden- 
tical with microcline, nor is it a modifica- 
tion approaching microcline in optical 
behavior. As adularia loses its monoclinic 
symmetry and becomes triclinic, its op- 
tical orientation and axial angle vary in 
the direction of sanidine rather than of 
microcline. This change toward the op- 
tics of sanidine, however, does not always 
follow the same pattern as that of mono- 


submicroscopically twinned 
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clinic adularia and ordinary orthoclase 
when sanidinized by heat treatment. 
Heat treatment induces a change in ori- 
entation and optic angle, without the 
formation of extinction angles such as 
are seen in triclinic adularia. 

It seems probable that adularia crys- 
tallizes in the monoclinic form and that 
a change to triclinic symmetry takes 
place later. This change begins at the 
acute angles of the crystal and progresses 
from the edges toward the core. During 
this change the optic plane of some crys- 
tals departs from its original orientation 
perpendicular to (o10) and essentially 
parallel to (001) to become more and 
more steeply inclined to both planes and 
finally to become essentially parallel to 
(oro) and normal to (oo1). This is ac- 
complished by a rotation of the optic 
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plane about the a-axis of the indicatrix 
and also approximately about the crys- 
tallographic a-axis, which is at all times 
very close to a. This rotation, when only 
partly accomplished, produces the tri- 
clinic extinction angles observed in adu- 
laria as it changes optically toward 
sanidine. 

Triclinic adularia occurs as a second- 
ary modification of monoclinic adularia. 
It has distinctive optical properties and 
behavior which establish it as a variety 
of potash feldspar. 


work was done 
in conjunction with a research program financed 
by the Geophysics Branch of the Office of Naval 
Research. The optical study was made concur- 
rently with X-ray studies by Fritz Laves, to 
whom the writer is indebted for advice and co- 
operation. 
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THE LATTICE AND TWINNING OF MICROCLINE 
AND OTHER POTASH FELDSPARS* 


FRITZ LAVES 
University of Chicago 


ABSTRACT 


The literature on potash feldspar (including the modern textbooks) gives one the impression that, within 
the limits of observation, the several varieties of KAISi,Os have the same apparent lattice “symmetry” 
(a and + of microcline being quoted as go” within the limits of + 10’). Two principal opinions exist to explain 
the different modifications: (1) The atomic arrangement (structure) of all potash feldspar is the same, and 
this structure is triclinic. The differences in optical behavior are explained by differences in the size and shape 
of twinned portions in the material (Mallard’s hypothesis). (2) Two different modifications of potash feldspar 
exist: triclinic microcline and monoclinic orthoclase. It has been suggested that this difference is due to a 
different degree of order-disorder between the Si and the Al atoms, triclinic microcline having a greater degree 
of order than monoclinic orthoclase (Barth’s hypothesis). 

In this i investigation it is shown that Mallard’s hypothesis can be excluded, although it was here found 
that, optically, “monochnic” potash feldspar composed completely of finely twinned microcline does exist. 
However, a new X-ray determination of the lattice of microcline (a = 89}°, y = 92$°) and the determination 
of the twin laws (albite, pericline) and their somewhat complex relations to each other, here discovered in 
microcline, indicate that such material originally grew as a monoclinic modification. 

In addition, it has been found that — er triclinic modification of KAISi,Os exists (a = 90°, y = 904°), 
which is here called “triclinic adularia.” 

The structural relations between microcline, triclinic adularia, and “‘monoclinic’”’ orthoclase are discussed, 
making use for the most part of intensity differences in the X-ray photographs of these three substances. 
Interpretation of the X-ray photographs of all “monoclinic” orthoclase investigated indicates that the mono- 
clinic modification of potash feldspar is unstable at low temperatures. These photographs show diffuse 
streaks that are explained by partial transformation to a triclinic modification, which may be either micro- 
cline, triclinic adularia, or both. 


INTRODUCTION Several attempts have been made 


Des Cloizeaux (1875) first described since to evaluate Mallard’s hypothesis. 
two optically distinguishable potash feld- Two approaches using X-ray techniques 


. follow. 
spars: (1) orthoclase, optically mono- : 
clinic, and (2) microcline, optically tri- . * Barth (1929) and Schiebold (1928) 
clinic. Mallard (1876) suggested that investigated the apmanenty of the micro- 
these were not distinct modifications but cline lattice. Their Paper 99 ite be 
merely different developments of the corrected later in this paper) showed no 


same modification. Orthoclase was con- dev of the 
sidered as a submicroscopically twinned symmetry within ther 


microcline. Mallard reached this conclu-  °f (+ 10’). Barth’s conclusion was 
sion aftér observing that the size of the that, in so far as X-ray evidence was con- 
twin lamellae varies remarkably from °¢™ed, the lattice of microcline was the 
place to place in the same crystal and Same as that of “monoclinic”’ orthoclase 
that the twinning disappears completely and that there is no reason to assume two 
in some places, such areas appearing op- modifications of K-feldspar. He Stated 
tically monoclinic. This phenomenon that all potash feldspar is triclinic in 
could be seen in the photomicrographs structure but pseudo-monoclinic in lat- 
published by Des Cloizeaux. ; tice and that the optical difference is due 

, to different kinds and degrees of twin- 
* Manuscript received May 20, 1950. ning. X-ray work, therefore, seemed to 
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prove that Mallard’s hypothesis was cor- 
rect and that only one modification ex- 
ists. 

2. Another possibility was discussed by 
Barth (1934) after Taylor published his 
first determination of the structure of 
orthoclase. Taylor (1933) sound a “mon- 
oclinic’’ unit cell containing four Al and 
twelve Si atoms, these atoms being situ- 
ated in positions corresponding to two 
eightfold point positions, assuming the 
structure to be truly monoclinic, Taylor 
suggested that the real structure might 
be triclinic, in which case all four Al 
atoms would be situated in one of the 
four fourfold positions. Barth pointed 
out the possibility that the four Al and 
the twelve Si atoms are distributed at 
random (“variate atom equipoints’’), 
thus forming a truly monoclinic struc- 
ture; and he showed that the orthoclase- 
microcline relations could be explained 
by the assumption that orthoclase is 
truly monoclinic with a disordered dis- 
tribution of the Al and Si atoms, whereas 
microcline is an ordered structure, truly 
triclinic but pseudo-monoclinic in so far 
as the limit of error (+10’) of experi- 
mental X-ray work is concerned. This, in 
contrast to hypothesis 1 above, would 
indicate that potash feldspar exhibits 
polymorphism. 

No experimental work has been done 
on this point since 1929 (Barth), and the 
question of whether only one form (tri- 
clinic) or polymorphic modifications 
(triclinic and monoclinic) of KAISi,Os ex- 
ist has, to date, remained uncertain. 

Taylor’s structural determination of 
potash feldspar, combined with the hy- 
pothesis of order-disorder suggested by 
Barth, makes numerous structural types 
theoretically possible. Table 1 lists the 
six main possibilities. (It should be noted, 
however, that all the four fourfold posi- 
tions of triclinic symmetry may be varied 
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with respect to the whole structure, a 
point not indicated in the compilation. 
Thus types 4, 5, and 6 may each be split 
into several subdivisions.) 

Barth’s (1934) suggestion, discussed as 
hypothesis 2 above, apparently indicates 
that microcline is constituted as no. 6 in 
table 1, nos. 1 and 2 being reserved for 
monoclinic orthoclase. 


TABLE 1 
WAYS IN WHICH THE 4 ALAND 12 S1 ATOMS CAN 
BE DISTRIBUTED IN THE BASE-CENTERED 
UNIT CELL OF K-FELDSPAR*® 
No. or Eourvatent Porwrs pre Unir 


May Cowra 12 Si 
anp 4 At Aroms 


Monoclinic Case 


8 8 
1 Si+Al Si+Al 
2 Si Si+Al 


Triclinic Case 
| 
4 4 | 4 | 4 


Si+Al | Si+Al | Si+Al | Si+Al 


3 

4 Si | Sit+Al | Si4+Al | Si+Al 
5 Si Si | Si+Al | Si+Al 
6 Si Si | Si Al 


* The cel! contains four ‘‘molecules'’ of K AISi,O» 


In view of the uncertainty on the ques- 
tion of polymorphism in potash feldspar, 
it seemed desirable that additional evi- 
dence be found. If one assumes Mal- 
lard’s hypothesis to be true, the ‘“‘mono- 
clinic’ crystal would consist of thin 
layers with alternating structures. As is 
known from work on other substances 
with similar arrangements of alternating 
layers, the X-ray effects characteristi- 
cally differ from those observed with nor- 
mal crystals (for example, see Wilson 
[1943], Jagodzinski and Laves 
What one observes are spots on the X- 
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ray photographs that show diffusion of 
intensity in the direction perpendicular 
to the layers. In the special case of ex- 
ceedingly fine albite twinning, one would 
expect diffusion of spots in the direction 
of the 6*-axis.’ The location and inten- 
sity of those spots which show diffusion 
will depend on the structure of the layers 
and their relations to one another. The 
size and the intensity of the diffuse spots 
depend on the thickness of the layers and 
on the amount of structural difference as 
produced by the difference in position in 
the alternating layers. 

Although the structure of microcline 
has not been determined, it appeared to 
the writer that a study of comparative 
X-ray phenomena in microcline and 
“monoclinic”? orthoclase might give at 
least some qualitative information. This 
investigation is divided into the following 


* An asterisk after any symbol in this paper refers 
to the corresponding direction or plane in reciprocal 
space. Thus 6* = reciprocal b-axis = the normal to 
(o10) of the original lattice 


FRITZ LAVES 


three sections: (a) the lattice and twin- 
ning of microcline, (b) the lattice of tri- 
clinic adularia, and (c) diffuse X-ray 
phenomena produced by “monoclinic” 
adularia. Conclusions that can be drawn 
from experiments described in these sec- 
tions are here summarized. 

1. The lattice of microcline deviates 
remarkably from monoclinic symmetry 
(y is approximately 923°). 

2. The well-known cross-grating twin- 
ning of microcline can be explained only 
by the assumption that such microcline 
originally crystallized as a modification 
with true monoclinic symmetry. It there- 
fore appears that potash feldspar forms a 
true monoclinic modification under cer- 
tain conditions. Whether or not a stabil- 
ity field exists for the monoclinic form is 
not yet known. 

3. The “‘monoclinic”’ portions of those 
crystals that also show typical microcline 
twinning are ideal examples of Mallard’s 


hypothesis. They are indeed submicro- 
scopically twinned microcline. However, 


PLATE 1 


Precession photographs of twinned and untwinned (£) microcline. The precession axis is the c-axis. Cu- 
radiation was used in pictures A-~2, Mo for E and F. The direction of a* and 6* is shown in A. The (hko) 


indices can be taken from fig. 5. 


A, Microcline with albite twinning, Hunoholmen, Norway. Note that 6* is the same for both twins but 
that a* is not. The angle between the two a* positions represents the geometric deviation from monoclinic 


symmetry. 


B, Microcline, Hunoho!men, Norway, portion that appears optically monoclinic. The photograph shows 
albite and pericline twinning, with all gradations between albite twin positions. 

C, Microcline, Madagascar. This sample was optically homogeneous, with inclined extinction. No twin 
lamellae could be seen under the microscope. The photograph shows (compare with A) that albite twinning 
is actually present, one set of lamellae being much more abundant than the other (indicated by arrows). 

D, Microcline, Madagascar, portion that appears optically monoclinic. Definite spots in the monoclinic 
position are present, as are fainter albite twin spots. Diffuse streaks connect the albite position and the mono 


clinic spots 


E, Microcline, Hunoholmen, Norway, single crystal. Observe intensity difierences between (4&/) and 


(hkl). These differences are greatest for those spots within the triangle and marked by the arrows. Figure 5 
contains spot indices. (480), (390), (370), (190), have greater intensity than (480), (360), (370) and (190). 
The reverse is true for (10), indicated by the arrow. 

F, Microcline, Hybla, Ontario, with cross-grating twinning ‘albite and pericline). The spots correspond 
to the arrangement in fig. 1, C. Notice the diffuse lines between (A,, ?:) albite and pericline spots, geometri- 
cally described in fig. 2. The same intensity differences as in E are seen. Compare the spots in the triangle 
and the indices schematically shown in fig. 3. The streak indicated by the arrow should be compared with the 
corresponding streak in pl. 2, #, and is explained in the legend of fig. 1, B. 
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X-ray precession photographs of microcline 


Laves, PLATE 1 
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X-ray photographs of adularia (“monoclinic” and “triclinic” ) 


Laves, PLATE 2 
B 
A 
A 
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C D 
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other optically “monoclinic” material, cations characteristic of the microcline 
for example, a very clear adularia from lattice. There are sharp spots, however, 
St. Gotthard, gave somewhat different of intensity and position that correspond 
results. In X-ray photographs no definite to monoclinic symmetry. In addition, 
spots, sharp or diffuse, are present in lo- there are diffuse streaks that indicate 


TABLE 2 
DATA IN THE LITERATURE ON THE GEOMETRY OF MICROCLINE* 


No a (o10)A(oor) | (or0)A(100) | Locality Author 
89°44" Pikes Peak Des Cloizeaux (1875) 
2 | g0°7’ | 89°55" 89°53" ae Hirschberg Klockmann (1884) 
3 : | °32' | Gasern | Sauer and Ussing (1890) 
4 | 89°21’ 91°59’ 89°46’ 88°7’ Pikes Peak Béggild (1911) 
5 89°19’ 92°10" 89°43’ 87°56’ | Ivigtut | Béggild (1911) 
6 | go°7’ 80°55’ ci | Different localities | Schiebold (1928) 
7 go’ +10’ | go*+10’ | go°+10" | +10’ _...| Barth (1929, 1934) 
| 


* 8 is approximately 110° 
TABLE 3 


NEW DATA ON THE GEOMETRY OF MICROCLINE 
AS DETERMINED IN THIS INVESTIGATION*® 


No (o10)A(100) | (o10)Aloor) a Locality 
I 87°40" | 89°35" 92°22’ 89°18" Hunoholmen 
2 88°00" 89°38" 92° 3° 89°26’ Madagascar 
3 87°50" 89°40" g2°15' 89°19" Skede 
4 87°47’ ....| Hybla 


* 8 is approximately 116°. The maximum limit of error is + s° for nos. « and 4, and + 8 for 
nos. 2 and 5 


PLATE 2 
A, Oscillation photograph of “monoclinic” adularia (8° oscillation range around the b-axis, Fe-radia- j 
tion). The spots on the right side are sharp, and between them are broad, diffuse spots, indicated by an ar- s 
row. On the left side the spots are accompanied by diffuse streaks, these streaks being fairly sharp in the di- 5 
rections normal! to 6* (norma! to streak elongation). ' 
B, Laue photograph of “monoclinic” adularia, perpendicular to (100). Notice the diffuse lines paralle! 
to b* = 5. 
C, Precession photograph of triclinic adularia (sample no. 1 in table 6). Mo-radiation. The orientation is 
the same as in the photographs of pl. 1. Comparison of this photograph with pl. 1, A (microcline, albite 
twinning), shows the considerably smaller deviation from monoclinic symmetry in the case of triclinic 
adularia 
D, Precession photograph of triclinic adularia (sample no. 3, table 6). Mo-radiation. This photograph 
shows differences in (A&/) and (Ak/) intensities in the same direction as in microcline, but comparison with 
pl. 1, E, shows that the effect is quantitatively smaller in triclinic adularia. This is well seen in the (170) and 
(170) reflections, indicated in both photographs by arrows. 
E, Precession photograph of microcline with cross-grating (same sample as in pl. 1, F). Here [104] was 
used as the precession axis. Mo-radiation. See fig. 5, B, for indices. (The additional spots not included in the 
schematic drawing of fig. 5, B, belong to other levels of the reciprocal lattice and may be neglected here.) 
Compare the streak marked by an arrow with the corresponding streak in pl. 1, F, and note that it is per- 
pendicular to b* when [104] is (as here) used as the precession axis. This phenomenon is explained in the 
legend of fig. 1, B. 


4 
j 
4q 
im 
— 
og 
aa 
4 


552 


crystal imperfections explainable as tri- 
clinic areas submicroscopically twinned. 
These results are suggestive of original 
growth in a monoclinic modification, 
with a subsequent transformation of 
small areas to a form with triclinic sym- 
metry. 

4. These areas appear to be related to 
the atomic arrangement of another modi- 
fication of potash feldspar, one that may 
be called “triclinic adularia.’’ Examina- 
tion of other adularia crystals showed 
definite triclinic symmetry, with a y of 
approximately 90}°. The intensity dif- 
ferences of (Aki) and (ki) in triclinic 
adularia are qualitatively (but not quan- 
titatively) the same as in microcline. 
This fact might indicate that its atomic 
arrangement is one of groups 3, 4, and 5 
shown in table 1, forms not so well or- 
dered as that assumed for microcline. 


THe Lattrice AND TWINNING 
oF MICROCLINE 


THE LATTICE OF MICROCLINE 


The values in table 2 for the crystallo- 
graphic constants of microcline appear in 
the literature. Values 1-5 were obtained 
by optical and goniometrical methods, 
making use of the angles between cleav- 
age planes (001), (o10); the faces (o10), 
(110), (i110); and the “rhombic section.”’ 
Values 6 and 7 were obtained by X-ray 
work, with an estimated accuracy of 
+10’; and on the basis of these measure- 
ments it was claimed that no evidence ex- 
ists for a difference between a “mono- 
clinic’ lattice and the lattice of micro- 
cline (Barth, 1928, 1929). Modern text- 
books (Winchell, Strunz) have accepted 
these X-ray data and rejected the older 
goniometric measurements of Béggild. 

A redetermination of these values with 
X-rays has been made by the writer, also 
with a maximum error of +10’. No 
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microcline was observed with y less than 
92°, as shown very clearly in plate 1. 
Table 3 lists the results of the present 
investigation. 

As will be seen later, the exact meas- 
urement of the angles a and ¥ are impor- 
tant to the discussion of the twin laws in 
microcline and their relation to the ques- 
tion of the existence of a truly monoclinic 
modification of potash feldspar. In the 
following four sections some details of the 
substances investigated are presented. 


DESCRIPTION OF MATERIALS USED 


Microcline, Hunoholmen, Norway.— A 
crystal presumed to be albite (from a fis- 
sure, crystal ~ 2 cm. long) proved to be 
composed of albite and potash feldspar 
when examined under the microscope. 
The potash feldspar shows optical varia- 
tion of three principal types, with, how- 
ever, all intermediate states: (a) opti- 
cally “monoclinic”? material; (b) opti- 
cally triclinic, very finely twinned mate- 
rial (extinction between the twin posi- 
tions not sharply defined); and (c) large 
areas, quite clear and with sharp asym- 
metrical extinction. The indicatrix is 
characteristic of microcline. 

Plate 1, £, is a precession’ picture of 
the (hko) plane of the reciprocal lattice, 
the crystal being a portion of the c-zone 
(above).4 It is immediately obvious 
that the angle (o10)A(100) = y* devi- 
ates appreciably from go°. The exact 
value is given in table 3.5 If a twinned 

3See Buerger (1944) for a description of the pre- 
cession technique. 


4 All the material investigated was thin-sectioned. 
After optical examination, a tiny portion of the sec- 
tion was carefully removed and mounted on the 
X-ray goniometer head. The relationship between 
optical and X-ray orientation was carefully recorded. 


8 The accuracy of the method used depends upon 
the precision of the moving film camera, the quality 
of the crystal, the accuracy with which the crystal is 
oriented, etc. One can normally, without difficulty, 
attain a limit of error of +10’. If greater precision is 


crystal is used, better than normal meas- 
urements can be made. Plate 1, A, illus- 
trates this with a photograph of a portion 
of area c in the crystal, this portion show- 
ing the albite twin law. 

Plate 1, B, is a precession picture of a 
“monoclinic” portion (a) of the crystal. 
Plate 1, B, differs from A in the follow- 
ing ways: (1) the sharp spots of A appear 
as diffuse spots in B; (2) the spots are 
linked by diffuse lines in the direction 
of 6*; and (3) the spots have diffuse 
tails that lie on the circumference of 
circles with the same Bragg angle. These 
phenomena will be discussed later in 
the section on twinning. 

Microcline, Madagascar.—This green 
material had the same qualitative X-ray 
and optical behavior as the Hunoholmen 
microcline. Portions were (a) optically 
monoclinic; (6) finely twinned, optically 
triclinic; and (c) optically triclinic with- 
out observable twin lamellae, but with 
an extinction angle that varied from 
place to place (‘‘undulatory”’ extinction). 

Without the use of X-rays the optical 
behavior of type ¢ could be interpreted in 
two different ways: (1) The undulatory 
extinction is due to variations of devia- 
tions, within the material, from mono- 
clinic symmetry. Thus the optical devia- 
tion from monoclinic symmetry is a 
measure of the structural deviation, the 
structure varying somewhat from place 
to place in the crystal. (2) The material 
can be considered to be submicroscopi- 
cally twinned, but all portions have the 
same (triclinic) structure. A difference in 
extinction angle is produced by variation 
in the proportions of right and left twin 
positions. This corresponds to Mallard’s 


necessary, it is advisable to take precession pictures 
in the (+) and (—) directions. Observatior of both 
pictures then cancels out any angular instrumental 
errors. A limit of error of +5’ is then easily ob- 
tained. 
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hypothesis. Plate 1, C, indicates that in 
this crystal the second view is correct. 
The reflections display the same devia- 
tions from monoclinic symmetry as those 
shown in the Hunoholmen microcline 
(pl. 1, A). The ratio of the intensities of 
the twin spots indicates the relative 
quantities of right and left twin material. 

An X-ray photograph of a “mono- 
clinic’’ portion (a) is shown in plate 1, D. 
The reflections (Aki) and (hk/) that cor- 
respond to microcline with albite twin- 
ning are visible only as very weak inten- 
sifications of the ends of streaks that run 
in the direction of 6*. In the center of the 
streaks very strong spots are observed. 
These spots belong to a monoclinic lat- 
tice, and one can also observe (unfor- 
tunately, not so well on the prints as on 
the original X-ray films) that these spots 
show tails that go off in the direction of 
positions that would be characteristic of 
pericline twin spots. This will also be dis- 
cussed in the section on twinning. 

Microcline, Skede, Norway.-The 
sample used was removed from a thin 
section of a large (~ 1 cm.), rather homo- 
geneous crystal that showed uniform in- 
clined extinction, the extinction angle 
being characteristic of microcline. Only a 
few patches of cross-grating twinning 
and some perthitic exsolution were pres- 
ent The X-ray photographs are practi- 
cally identical with those of the micro- 
cline from Hunoholmen (c, pl. 1, £), al- 
though the spots are not so sharply de- 
fined. The angular values are given in 
table 3. 

Microcline, Hybla, Ontario.—-A preces- 
sion photograph of this finely twinned 
material is shown in plate 1, F. All the 
spots can be explained by the interpene- 
tration of four lattices of the microcline 
type, the single crystal picture of which 
is shown in plate 1, £. The interpenetra- 
tion of these lattices is such that two of 
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them are related by the albite law, the 
other two by the pericline law. The 
schematic drawing (fig. 1) explains these 
relations. The angular values are given in 
table 3. 


TWIN PLANE (ow) 


(040) 


- 6” for © 


(@20) 


for O 


(240) (240) 
J@ 


Fic, 1.—-A, the (Ako) plane of two reciprocal lat- 
tices, A, and A,, related by the albite law. The plane 
(oro) is common to both twin positions, as is b*, al- 
though the sign of 6* differs (+ and —) for the two 
positions, The angle between a* and b* corresponds 
to the angle between (100) and (o10). To simplify 
this and the following diagrams, only the points for 
even values of 4 and & are included; the odd values 
of & and & are omitted. (The lattice of feldspar is 
base-centered, and thus only planes with even values 
of [A + &| can be observed.) Because of this simplify- 
ing omission, one will observe additiona! spots on the 
corresponding photographs of pls. 1 and 2. 


REMARKS ON THE TWIN LAWS IN MICROCLINE 


A!l microclines investigated have the 
following features in common: 

1. Deviations from monoclinic sym- 
metry are, within a small limit, the same 
(see table 3): 


(o1r0)A(o01) = 89°6; a = &o°4, 
(o10)A(100) = 87°7; y = o2°2. 


2. As earlier investigators have as- 
sumed, the cross-gtating twinning fol- 
lows the albite and pericline twin laws, 
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(240) 
ea*rone P, 
- a* P, 


Fic. 1.—B, the (#ko) plane of two reciprocal lat- 
tices, ?, and P,, related by the pericline law. The 
twin axis [oro] = 5 (not b*) is the same for both twin 
positions and, because (100) for P, corresponds to 
(ioo) for P,, a* is the same for both positions, al- 
though the sign of a* differs (+ and —) for the two 
positions. The angle between a* and 6* corresponds 
to the angle between (100) and (oro). Again the 
points for odd values of & and & are omitted; only 
the even values of A and & are shown on the figure. 

Fic. 1, B and C are only approximations of the 
true situation. The reciprocal lattice points of P; 
and P, will generally not fal] in the same plane as 
drawn in B, because 6* for P,, 6* for P., as well 
as a*, are not generally situated in the same plane 
in the triclinic case. The following considerations 
show that these points do not lie in a plane. If 
b*(P,), b*(P.), and a®* did lie in a plane, it would 
follow that oro] = twin axis = }b would also lie 
in this plane. Because a* and b* are perpendicular 
to ¢ (of the real lattice), 5, lying in the plane of 
a* and }*, would also be perpendicular to c. If such 
were the case, a would be 90°. In triclinic materia! 
this would be a chance occurrence. Indeed, in the 
special case of microcline, a = 89°4 (table 3). 
The precession technique is very sensitive to smal! 
disorientations, and this effect is quite obvious 
in precession photographs in which ¢ is used as 
the precession axis. To digress briefly to fig. 1, C, 
we see that, if A (albite law) and B (pericline law) 
are combined so that 6* (of the albite figure) co- 
incides with jo1o] = 6 (of the pericline figure), a 
characteristic pattern is formed. In this pattern 
the pericline spots are drawn so that a line joining 
them is perpendicular to 6 (and 6*). Comparison 
of fig. 1, C with pl. 1, F, shows the agreement of 
the spot positions, neglecting the fact that the 
streaks crossing the b-direction (arrow in F) are 
not quite perpendicular to 6. This angular differ- 
ence is due to the fact that the angle between 
¢ = [oor] = [wow] and b = foro] is 89°4 and not go’. 
If one chooses a direction [uew} that is go° from {oro}, 
and if this direction is used as the precession axis, a 
precession photograph will result in which the afore- 
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Fic. 1B.— Continued 

mentioned streaks are perpendicular to 6 = joroj. 
A calculation using the determined values of a and y 
for microcline (table 3) showed that a direction very 
close to [104} has an angle of go° with [oro]. A pre- 
cession picture with [104] as the precession axis 
should therefore produce streaks perpendicular to 
{oro}. Plate 2, Z, shows such a photograph, which is 
proof that [104} is nearly perpendicular to [oro]. 


"ffor As) 
£ For ©, 


(24q (240) 
(240) 


Fic. 1.—C, this figure illustrates the superposi- 
tion of A and B Here the spot positions in a plane 
(Akko) for a microcline twin composed of two albite 
positions, A, and A,, and two pericline positions, ?, 
and P,, are oriented so that 5* for the albite twins 
coincides with 6 for the pericline twins. As in A 
and B, only the positions for even values of & and k& 
are drawn. Close agreement exists between the pat- 
tern of C and the precession photograph of pl. 1, F. 
The correspondence of the twinning to the scheme 
of C is thus proved, taking into account the remarks 
under B. 


but the real relations, unknown to date, 
were here determined. 

3. In some materials, only albite twin- 
ning is observed. If pericline twins are 
present, albite twinning is also found; 
pericline twins have not been found alone. 

4. If both kinds of twins are found, the 
following relations hold for the four posi- 
tions A,, A., P,, and P, (fig. 1): A, and 
A, are related by the albite law, (o10) is 
the twin plane; P, and P, are related by 
the pericline law, [o10] is the twin axis. 
The twin axis is perpendicular to the 
twin plane. Although A, is related to A, 
by the albite law, and P, to P, by the 
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pericline law, a rational relation between 
any A position and any P position does 
not exist because the material is triclinic. 
As explained in figure 2 and accompany- 
ing legend, the relation between any posi- 
tion A and any position P consists of an 
irrational rotation around an irrational 
direction. 

It is difficult to understand how a 
growing crystal would follow such a com- 
plicated composition law. If one assumes 
that an albite twin A,-—A, forms (or one 
could start in reverse fashion with a peri- 
cline twin), the next step would be the 
formation of positions P, or P,. It is ex- 
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Fic. 2.—The relation between an A, (albite) and 
a P, (pericline) twin in reciprocal space fig.1,C, illus 
trates the relations of the four twin positions, A, 
and A, (albite) and P, and P, (pericline), in recipro 
cal space, norma] to the c-axis. Here an A, position 
from fig. 1, A, and a /, position from fig. 1, B, are 
combined, and it can be seen that a smal! rotation 
(approximately 3°) will produce coincidence of these 
two lattices. As pointed out under fig. 1, B, this 
rotation axis is not precisely the c-axis but an 
irrational direction close to [104]. The construction 
of this figure is therefore only an approximation fort 
purposes of convenient illustration. 


ceedingly difficult to conceive of any 
forces that would cause position P, to as- 
sume a relationship to A, such that it 
deviates from A, by approximately a 3° 
rotation around an irrational direction 
near [104]. In a growing crystal, one 
would expect that, if a pericline position 
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formed, it would follow the usual peri- 
cline law, showing a normal pericline re- 
lation to an already formed A, and A, 
albite twin. Thus, because a large devia- 
tion from monoclinic symmetry exists in 
microcline, a twin P, (related to A, by 
the pericline law) and a twin P, (related 
to A, by the pericline law) would not 
show any twin relation to each other. Car- 
rying the argument further, if their parts 
P, and P, acted as partners to form addi- 
tional albite twins, new positions A{ and 
A‘ would be formed, with no relation to 
A, and A,. This type of growth would 
form a patchy crystal, one with a highly 
heterogeneous orientation. Indeed, if this 
situation were observed in microcline, it 
might be a criterion for the original 
growth of a microcline crystal as such. 
On the other hand, the observed com- 
position law can be readily explained if 
one assumes that all microcline showing 
cross-grating originally crystallized as a 
monoclinic modification. If this mono- 
clinic material, for some reason, trans- 
forms to a triclinic modification, it may 
do so in a manner such that the elements 
of symmetry of the monoclinic modifica- 
tion are preserved in twinned areas. Thus 
some areas would be twinned in albite 
positions A,—-A,, retaining the plane of 
symmetry, and some areas would be 
twinned in pericline positions P,—P,, 
retaining the axis of symmetry. It is the 
writer's opinion that such a transition is 
required to explain the irrational com- 
position law discussed above and shown 
in figure 2. No statement can be made 
here as to the stability of the monoclinic 
modification. It is not known whether it 
is stable at elevated temperatures or 
unstable under all conditions of pressure 
and temperature. An X-ray study of 
microcline, heat-treated for long periods 
of time, might clarify the stability rela- 
tions; such a program is under way. 
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The photographs of plate 1 (B and F, 
in particular) illustrate differences in ap- 
pearance that can be observed in X-ray 
photographs of microcline. These differ- 
ences may depend on various factors gov- 
erning the transformation from mono- 
clinic to triclinic symmetry, such as tem- 
perature, pressure, composition (impuri- 
ties), time, etc. The internal makeup of 
the crystal, as influenced by the inver- 
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Fic. 3.—Appearance and indices of the spot 
groups in precession photographs of twinned micro- 
cline. Plates 1, ¥, and 2, E, show such arrangernents. 
In figs. 1 and 2 the details of interpenetration of the 
four twin lattices were presented. Part a of this fig 
ure demonstrates more clearly than pls. 1, F, and 2, 
E, the position of the diffuse lines joining the spots 
A, and A, of the albite twin and P,—A, and P,— 
A,, related by the approximately 3° rotation around 
the irrational direction near [104]. P; and P, are the 
pericline twin spots. 


sion, is expressed in diffuse lines on the 
X-ray pictures. As shown in figure 1, C, 
the four reciprocal lattices A,, A,., P,, 
and P, are interpenetrated, so that nor- 
mally there are groups of four spots. The 
general relations between these spots are 
schematically represented in figure 3. In 
plate 1, B, D, and F, and plate 2, E, these 
diffuse lines or streaks can, for the most 
part, be seen joining the A,—-A, spots, on 
the one hand, and the A,—-P, and A,--P, 
spots, on the other hand. These streaks 
can be qualitatively explained as follows: 
The monoclinic-triclinic transformation 
has not gone to completion, and sizable, 
well-formed triclinic portions are not de- 
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Fic. 4.— Model of the twinned lattices in microcline with cross grating twinning shown in a plane per- 
pendicular to the c-axis. Again this model is an approximation for the same reasons as pointed out in figs. 1 
and 2. The lack of rigor due to the two-dimensiona! presentation, however, is quite insignificant. This some- 
what idealized mode] very well accounts for the X-ray phenomena here reported. A, and A, represent albite 
twin positions, and P, is one of two pericline positions. A, can easily change its orientation to that of P,, 
but A, cannot. (Compare the distribution of the acute and obtuse angles of the parallelograms in the differ- 
ent positions.) This easy change from A, to P, is responsible for the well-developed diffuse lines seen con- 
necting these spots on the X-ray photographs (see pls. 1, B, F, and 2, Z) 

The mode] also shows that dislocations exist between other twin parts (A, — P,). Stress-strain relations 
must therefore exist in the twinned material. This stress, which is residual after most of the stress due to the 
crystal-transformation is eliminated by twinning, is kept at a minimum by very fine twinning. Most micro- 
cline is observed to be very finely twinned. This model is also consistent with optical observations on micro- 
cline. This deviation from monoclinic symmetry is exaggerated (4° instead of 2°) for the sake of clarity. 
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veloped; the influence of the small areas 
on one another remain, and there are in- 
termediate states with intermediate po- 
sitions or atomic arrangements. The ma- 
terial between P, and A, and between P, 
and A, will have a lattice that appears 
“bent,”’ corresponding to a “rotation” of 
approximately 3°, as explained in figure 
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Fic. 5.—Diagram showing the indices of the pre- 
cession photographs reproduced in pl. 1, E, F, and 
pl. 2, E. In A the spots inclosed by triangles and 
some of the others that are indexed show significant 
differences between the intensity of (4k/) and (Adi). 


2 and shown in figures 4 and 8, B. The 
material between A, and A, and between 
P, and P,, on the other hand, will show 
less triclinicity than will normal micro- 
cline and, indeed, will pass through an 
orientation with true monoclinic sym- 
metry (of at least Cs-m symmetry for 
A,—A, and C,-2 symmetry for P,—P,). 
Internal variation produces streaks 
that vary in definition and intensity 
from specimen to specimen, even though 
taken from the same crystal. 
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The conclusions presented here on twin- 
ning in microcline as interpreted from X- 
ray data do not agree with those drawn 
by Reinhard and Biachlin (1936) in a 
paper on the twinning in microcline. 
They discuss very critically earlier pa- 
pers on the subject and bemoan the lack 
of rigor applied. New universal-stage 
measurements by these authors led 
them to suggest that two systems of 
lamellae produce four positions—-1, 1’, 
and 2, 2’. Both 1, 1’ and 2, 2’ are twinned 
by the albite law. The relations between 
1, 2 and 1’, 2’ are those of the pericline 
law. Reinhard and Bichlin did not ob- 
serve that such an arrangement is geo- 
metrically impossible, and their conclu- 
sions, therefore, are not very convincing. 
[The impossibility of this arrangement is 
shown by the following: If 1 and 1’ are 
albite twins, (010) must be common to 
both 1 and 1’. Let us call this common 
plane M. If 1, 2 and 1’, 2’ are pericline 
twins, the (o10) planes for 2 and 2’ do-not 
coincide. The plane (o10) for 2 deviates 
from M on the one side as much as (o10) 
for 2’ deviates on the other. The twin 
plane for 2 and 2’ would therefore be an 
irrational plane, but not the (o10) plane 
that is necessary for the albite law.| 


A NOTE ON THE INTENSITY DATA 


The deviation of microcline from mon- 
oclinic symmetry is expressed on X-ray 
photographs not only by the geometry of 
the lattice but also by intensity differ- 
ences in some (hk!) and (h&/) spots. Plate 
1, E and F, shows these intensity differ- 
ences. In table 4 some of the intensity 
data are presented. As a general rule it 
can be stated that (1) the average of the 
intensity of (hkl) and (hkl) corresponds 
approximately to the (Akl) intensity of 
“monoclinic’’ potash feldspar and (2), 
when there are differences in (hk/) and 
(Aki) intensities, the differences are larger 
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INTENSITIES OF (Ako) PLANES OF MICROCLINE, TRICLINIC ADULARIA, 
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mt 4 1s 16 


| 44 +4 | 5s o4 +4 | 43 —1 | 00 | 
(4ko) 8 55 44 55 25 +1 | 44 | 00 33 4 
| 8 | 1.38 44 00 33 
ss’ +4 | 33°44 | 55 03 +3 | 04 +4) 44, 32 —1 | 00 35 +2 
(3ko) 4 55 o2 +2 | 33 44 22 | 
22 | oo | §5 


| | 12 +1 | 
00 


(oko) 


+ 


* Taken from precession photographs as in pl. 1, EB (Mo radiation) 


NOTE TO TABLE 4¢ 
The figures ©, 1, 2, 3+ 4) 5s 6, 7, 3 represent intensity values of ©, 1, 2, 4, 8, 14, 32, 64, 128. The in 
tensity values of the different modifications are arranged in the following way. 


The A position is the value of (Ako) i 
position is the value of (ako) in tr. adularia; the D position is the value of (Ako) in 
tion is the value of (Ako) in scl. adularia; the F position is the value of (Ako) in 

n’ signifies an intensity value between * and (m + 1). In some cases a difference in intensity between (hko) 

and (hko) exists. Here these intensity differences appear as extra figures in the box. A (+) signifies (Ako) > 

(héo), and (—) signifies (hko) < | 
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for those spots of low intensity. The 
greatest intensity difference found on 
oscillation photographs (with Cu Ka- 
radiation) was of the order of 1: 100, 
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structurally the intensity differences. In 
the next section, however, some compari- 
sons with another triclinic modification 
of potash feldspar will be made. 


TABLE 46 
INTENSITIES OF (o&/) PLANES 


(oko) 


using 0 as the oscillation axis and includ- 
ing all planes with / < 7 and a Bragg 
angle < 70°. This figure is based on the 
examination of three hundred pairs 
(hkl) and (hkl) (table 5). These values 
appear to support Barth's (1934) sugges- 
tion that triclinic microcline differs in its 
degree of order from monoclinic ortho- 
clase. For additional remarks on this sub- 
ject see the companion paper by Gold- 
smith in this issue of the Journal. No at- 
tempt has yet been made to evaluate 


TRICLINIC ADULARIA 
In 1876 Mallard observed that some 
crystals of adularia from Switzerland 
deviated optically from monoclinic sym- 
metry. Barth (1928) and Kéhler (1948) 
observed an analogous phenomenon, but 
no X-ray studies were made. Mallard ac- 
cepted this triclinic behavior as support- 
ing evidence for his hypothesis that all 
monoclinic potash feldspar is submicro- 

scopically twinned microcline. 
A number of adularia specimens from 
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INTENSITY RELATIONS OF ADULARIA AND MICROCLINE | 
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NOTE TO TABLE § 

The intensities of 278 (4k/) planes of “monoelinic” adularia were estimated from oscillation photographs 
made with } as the oscillation axis. Intensity estimations were made, using a previously exposed film stand- 
ard. Three sets of oscillation photographs were taken, between which the exposure time was varied so that 
it was possible to distinguish intensity variations of from 1 to 2,000. Column A shows the standard scale of 
intensities and is related to col. B, which shows the actual intensity values. In col. C the number of planes 
measured (with the corresponding value in col. B) are tabulated. Column D illustrates the intensity differ- 
ences that exist between (44/) and (Aé/) in microcline (see column heading). For example, consider row 19, 
the spots in which have “actual” intensity values between 512 and 1,000. Column C shows that there were 
six spots measured with the intensity. To these six planes (Ak/) of adularia, there correspond six pairs of 
(Akl) —(hkl) planes in col. D, with intensity ratios between the (+) and (—) spots of 5, 2, 2, 0, 0, o. This 
signifies that one pair has an intensity ratio of about 6, two pairs a ratio of 2, and three pairs show the same 
(+) and (—) intensities. The largest difference of intensity between any (hkl) and (hkl) spots observed in 
these oscillation photographs had the value 15 (see row 9), which corresponds to an actual intensity difference 
(see col. B) of about 200. This large intensity difference corresponds to a relatively small intensity in adularia. 
(Rew 9g has an actual intensity of about 25.) 

On the average, the larger (Akl)——(hkl) differences in microcline correspond to relatively smal! actual 
(hkl) intensity values in adularia, as illustrated by col. F. Additionally, it should be pointed out that the 
average (hkl)— (hkl) intensity of microcline for the most part is similar to the equivalent (#kl) for adularia 
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each of several localities (Switzerland, 
Vesuvius, Mexico) were examined opti- 
cally and with X-rays. The description 
and optical measurements are given in a 
companion paper by Chaisson in this 
issue of the Journal. The X-ray work 
has proved that this material is distinct 
from microcline and must be regarded as 
a separate modification. All samples used 


Sample 


No 


100) 


TABLE 6 
DATA ON THE GEOMETRY OF TRICLINIC ADULARIA* 


a of Opt. 
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were taken, for the most part, by the 
precession technique and with a limit of 
error as mentioned in the section on 
microcline. The lattice angles are given 
in table 6. 


LATTICE ANGLES OF TRICLINIC ADULARIA 


Comparison of these values for triclinic 
adularia with those of microcline (table 


2Va and 


Position 


Locality 


Axial 
Planet 


I 8°20’ + 5’ 8"50'+ 5 go" 40" 89°52’ 40o~ St. Gotthard 
2 89°30’ + 8" Tavetschtal 
3 89°20’ 39° 50° +5 go" 33" 80°54’ 26~ || Vesuvius 
4 89°28'+5' | 8°50’ 26~) | Vesuvius 
89°30 + 5’ 89°54'+5’ go" 30’ 26~ | Vesuvius after heating to 1 ,ooo° C. 
5 89°38’ +7’ Vesuvius 
6 89°29’ + 8" 56~|| | Mexico; “Valencianite” 
7 89°33'+5' 89°50’ + 5’ 90° 89°57 | Mexico; “Valencianite”’ 


* 8 is approximately 116° 
t The signs ~ | and~ 


indicate the position of the plane of the optic axis relative to (oro). As pointed out in the accompany 


ing paper by U. Chaisson, the plane is neither parallel nor perpendicular to (o10). Thus the signs merely indicate that the plane is 


located closer to one position than to the other 


Using the accepted system of orientation for the feldspars [the angle (o10)A(oo1) being smaller than go"), the optical deviation 
from monoclinic symmetry in triclinic adularia is in the same direction as in microcline (a clockwise rotation around an axis close 


to the a-axis, when viewed in the positive direction) 


Samples 3 and 4 represent measurements made on the same crystal as that described in the accompanying paper by U. Chaisson 
(see fig. 6, locations 4 and 5, in Chaisson’s paper) The two measurements represent the two different twin positions. A sample taken 
from the core of this 7 sta! (not listed in this table) was optically nearly monoclinic, and the X-ray pictures indicated monoclinic 


geometry within + 
listed under no. ¢ 


in the X-ray investigation were taken 
from sections after they had been meas- 
ured optically on the universal stage. In 
all cases the relation between the position 
of the optical indicatrix and. the geomet- 
rical ones (as determined by X-rays) was 
recorded. This was not very easily done 
in all cases because of the lineage struc- 
ture present in most of the crystals and 
because of their small deviations from 
monoclinic symmetry. The photographs 


*From the optical study, as discussed in the 
paper by Chaisson, it is apparent that a transforma- 
tion from original monoclinic symmetry to the tri 
clinic form is indicated in adularia. 


A heat treatment of sample 4 for roo hours at 1,000° C. produced no geometric change (within the limits of error) 


onoclinic geometry was also observed in the core of a crystal which showed, near the edge, the triclinic values 


3) shows that the deviation from mono- 
clinic symmetry is in the same direction 
as in microcline. The amount of devia- 
tion, however, is only about one-fourth 
that in microcline, as is evident from 
comparison of plate 2, C and D, with 
plate 1, A and E. 

Another analogy is that qualitatively 
the intensity differences between (hk/) 
and (hk/) planes are the same in triclinic 
adularia as in microcline, although the 
effect is much less pronounced. Plates 
2, D, and 1, E£, illustrate the relative in- 
tensity differences. Table 4 indicates the 
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order of magnitude of these intensity 
differences. 

If one accepts the reasonable assump- 
tion that microcline is an ordered modifi- 
cation of potash feldspar with the atomic 
distribution of no. 6 in table 1, one is led 
to the conclusion that triclinic adularia 
represents one of the other three distribu- 
tions, nos. 3, 4, and 5, in table 1. 

Considering the fact that the deviation 
from monoclinic symmetry is small as 
compared to microcline and following the 
likely assumption that the transforma- 
tion from monoclinic to triclinic sym- 
metry probably takes place at rather low 
temperatures, it is the writer’s opinion 
that the most likely atomic distribution 
of triclinic adularia is that of no. 3 in 
table 1. This would indicate a triclinic 
modification of KAISi,O, that is com- 
pletely disordered. 

There is further evidence that favors 
this hypothesis. In all investigated adu- 
larias from six different localities (four 
Swiss localities, Vesuvius, and Mexico) 
the triclinic modification was found. All 
show the same deviation from monoclinic 
symmetry (y = go}°) within a small 
limit. Microcline was not found as a part 
of, or associated with, any of the crystals. 
This fact might indicate that no inter- 
atomic diffusion or exchange is involved 
in the formation of triclinic adularia from 
the monoclinic modification. If diffusion 
were responsible, why should it stop after 
the formation of triclinic adularia? Cer- 
tainly, in places it would be expected to 
have gone far enough to form a partly 
ordered material, if not microcline. Con- 
versely, X-ray photographs show no evi- 
dence of the existence of triclinic adularia 
in microcline. A structural deformation 
requires less total atomic movement than 
does rearrangement to an ordered form 
by atomic exchange. 

These suggestions imply that triclinic 


adularia is metastable. It should be com- 
pletely ordered to microcline, but the 
formation temperature (and subsequent 
temperature at which the monoclinic- 
triclinic transformation took place) was 
too low to permit microcline formation. 


“MOoNOcLINIC”’ ADULARIA 


It was earlier shown that the ordinary 
cross-grating twinned microcline cannot 
be explained except by the assumption 
that the crystal was previously mono- 
clinic. It was shown above that there are 
at least two different triclinic modifica- 
tions of potash feldspar—-microcline and 
triclinic adularia. It has been suggested 
that microcline is formed from mono- 
clinic feldspar at temperatures high 
enough for atomic rearrangement by dif- 
fusion, whereas triclinic adularia is 
formed from monoclinic feldspar at rela- 
tively low temperatures. These assump- 
tions would necessitate the formation of 
all adularia as a metastable monoclinic 
modification. 

In the first section optically mono- 
clinic orthoclases were described that 
showed fine triclinic X-ray twinning and 
thus corresponded to Mallard’s concep- 
tion of orthoclase. Such optically mono- 
clinic material was, however, always ob- 
served to have adjacent areas with tri- 
clinic optics. On the other hand, those 
crystals of optically monoclinic feldspar 
in which microcline could not be detected 
gave X-ray pictures unlike the material 
that follows Mallard’s hypothesis. The 
normally exposed pictures had sharp 
spots that corresponded to monoclinic 
symmetry, both in geometry and in in- 
tensity, the intensity of (Akl) being equal 
to that of (hkl). In long-exposed X-ray 
pictures some diffuse effects appeared 
that are explainable as imperfections in 
the monoclinic lattice due to triclinic 
areas preponderantly related by the al- 
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bite law. Some pericline areas are also 
present but are very minor in quantity 
and will not be further discussed. These 
areas are thin lamellae parallel to (o10) 
and thus cause diffuse streaks parallel to 
b* in the reciprocal lattice. Laue photo- 
graphs show these effects with relatively 
short exposures (pl. 2, B). The material 
that gave the most pronounced diffuse 
patterns was an adularia from St. 
Gotthard.’ This was used for further in- 
vestigation. Oscillation photographs with 
6 as the oscillation axis (Cu- and Fe-radi- 
ation) were made, to obtain more com- 
plete information on the diffuse phe- 
nomena in reciprocal space. Plate 2, A, is 
a picture that clearly shows two different 
diffuse phenomena: (1) one type is as- 
sociated with the main spots and is fairly 
sharp in the directions perpendicular to 
b*; (2) the other type has its most intense 
area between the spots and is rather dif- 
fuse perpendicular to b* (see arrow, pl. 2, 
A). To date, the writer sees no clear ex- 
planation for the second type. These 
areas do, however, suggest regions in the 
crystal in which the base-centering of the 
normal feldspar structure is disturbed. 
Neither of these phenomena has been ob- 
served in either untwinned triclinic mi- 
crocline or in plagioclase (which is also 
triclinic). They seem to be restricted to 
“monoclinic’’ orthoclase. 

The first type of diffuse lines associ- 
ated with the main spots follows charac- 
teristic rules, one of which is closely re- 


?*This adularia, with chemical analysis, was 
kindly supplied by Dr. N. L. Bowen, and had the 
following composition 
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lated to the geometry of the lattice of 
microcline and triclinic adularia. (1) The 
intensity of each diffuse area is a function 
of the intensity of its corresponding main 
spot. If the ratio of these two intensities 
be called R, then (2) Risa function of the 
spacing, d. The smaller the d-value, the 
larger is R. (3) R is also a function of the 
position of the corresponding main spot 
in the reciprocal lattice. Expressed in 
terms of the real lattice, R is close to zero 
for planes in the zone [401] and has a 
maximum value for planes nearly per- 
pendicular to [401]. Planes with inter- 
mediate positions have intermediate R- 
values, dependent upon the angle be- 
tween the plane and [401]. 

Figure 6 summarizes the results of in- 
tensity measurements on approximately 
six hundred spots. 

These effects can be qualitatively ex- 
plained by the statement that the prin- 
cipal part of the crystal behaves as a 
truly monoclinic structure as far as the 
geometry, intensity, and sharpness of the 
spots on the X-ray photographs are con- 
cerned. Within this monoclinic material 
are layers, preponderantly parallel to 
(o10), with atomic arrangements that 
deviate somewhat from the principal 
structure. These layers produce the addi- 
tional streaks, parallel to b*, that are as- 
sociated with the sharp monoclinic spots. 
Plate 3, A, B, shows these streaks quite 
clearly. Most of the streaks on the photo- 
graphs hide the main spots, inasmuch as 
these pictures were deliberately over- 
exposed in order to illustrate another im- 
portant effect. Comparison of the left 
and right sides of A and B (pl. 3) also il- 
lustrates the fact that most of the spots 
on the left side are not accompanied by 
streaks, whereas those on the right side 
are. This signifies that the appearance of 
streaks is a function of the location of the 
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main spots in reciprocal space. The con- 
clusion can thus be drawn that the layers 
producing the streaks are not without 
“coherent relations’ to their environ- 
ment and that there are directions in 
which the crystal behaves as a perfect 
one. In these directions the presence of 
the sheets does not disturb the X-ray 
reflections. 


RELATION OF THE [401] ZONE IN ADULARIA 
TO THAT IN MICROCLINE AND 
TRICLINIC ADULARIA 

Experimentally (see rule 3, above, and 
fig. 6) it has been found that the direc- 
tions in which the crystal acts as a per- 
fect one to X-rays are nearly perpendicu- 
lar to [401]. It is striking that the [4o1] 
zone, unique with respect to the above 


TRACE OF PLANE 
1 [401) 


Fic. 6.—A projection of reciprocal space of adularia, on the plane perpendicular to 6 (in the monoclinic 
case 6 = 6*). This plane contains the reciprocal! axes a* and c* and the points corresponding to the (hoo) and 
(ool) spots. The (Aol) points are excluded for simplicity. The circled numbers represent intensity relations 
between the diffuse streaks and their associated main spots. They are average values taken from oscillation 
photographs (6 = oscillation axis, oscillation range 8°, Fe-radiation), using (Akl) reflections, with / less than 
6. The number in each circle represents the center of an area of reciprocal space containing approximately 
20-30 spots. 

Each number is specifically the average for that area of the ratio of the main spot intensities to those of 
the diffuse streaks. Thus smal! values indicate relatively high diffuse streak intensities and vice versa. The 
diagram shows that the intensities of the diffuse streaks are virtually zero for planes in the [401] zone and are 
greatest for planes nearly perpendicular to this zone. It can also be observed that the relative intensities of 
the diffuse streaks grow larger with greater distance from the zero point of the reciprocal] lattice. Thys the 
smaller the spacings, the greater is the relative intensity of the diffuse streaks. 
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phenomenon, also has a unique signifi- their common zone [401] (fig. 7, A). Now 

cance in microcline and triclinic adularia, let us compare this projection with one 

as the following discussion shows. of an albite twin with the planes (100) 

In any triclinic lattice there is one and (o10) in the direction of the c-axis 

(generally irrational) plane (Aol) that is (fig. 7, B). The difference is obvious. In 

the [401] direction we can see no differ- 

ence in the two twin positions, but in the 

[oor] direction the difference is apparent. 

This is a two-dimensional representation 

of deviation from monoclinic symmetry 

(oat in figure 7, B, and of monoclinic sym- 

(104) (100) metry in figure 7, A. Thus, in so far as the 

A B lattice geometry is concerned, we cannot 

Fic. 7.—A is a schematic projection of the lattice distinguish between the two albite —_— 

outline of two albite twins in the [401] direction; Bis tions in the [401] direction. We may 

a projection in the {oo1} direction. In the [401] direc- therefore expect little or no difference in 

a the two twine appear as one crystal. The indices those spots reflected by planes in or near 

efer to planes which appear in the projections as 

lines. the [401] zone. On the other hand, the 

two positions in the [oor] direction are 

perpendicular to (o10). Its position is readily distinguishable, and we may ex- 

such that it must contain b and b*. One pect some degree of diffuseness for all 

can calculate the position of this plane; spots reflected by planes in or near the 

and, using a and ¥ of microcline and tri- [oo1] zone (as long as these planes do not 
clinic adularia (as determined in the in- approach the [401] zone). 

vestigation, tables 3 and 6), it is found to More rigorously, it can be said that the 

be very near the plane (io4). The zone suggested imperfections (triclinic areas 

common to (io4) and (oro) is [401]. of albite twinning, with lattice geometry 

Let us project an albite twin with similar to that determined for microcline 

planes (104) and (o10) in the direction of _ or for triclinic adularia) will influence the 


PLATE 3 


Oscillation photographs of adularia samples. Oscillation axis = 6, Cu-radiation. 

A, B, Photographs taken with the same crystal! of a “monoclinic” adularia. The oscillation range was 
21° in A, to” in B. Note the diffuse reflections on the right side of the photographs and the sharp reflections 
on the left. The X-ray photograph in B was deliberately overexposed to show more clearly this phenomenon, 
which is described in the text. Note also the asymmetry of the (661) spot indicated by an arrow. Compare 
this with the two spots, also indicated, on photograph C. 

C, An albite twin of triclinic adularia (same sample as shown in pl. 2, C). The oscillation range is 10°. 
Because of the geometrical relations between albite twinning and the lattice angles for triclinic adularia as 
determined in this investigation, the reflections of planes close to the [401] zone coincide, whereas others are 
separately resolved. This phenomenon is seen by comparison of the left with the right side of the photograph. 
The diffuse streaks in B correspond to the doubled spots in C. Note that the two spots indicated by an arrow 
|the upper spot is (661) of one twin, the lower is (661) of the other twin] have different intensities. The in- 
tensity difference as a function of the Bragg angle is the same as shown in the corresponding diffuse streak 
in B. (The asymmetry of the diffuse streak in B is not due to oscillation range limits, although this effect is 
seen in other diffuse streaks, for example, the one immediately to the left of that indicated by an arrow.) 
Photographs of microcline show that the intensity difference between (661) and (661) is even stronger, as 
the (661) reflection does not even appear in equivalently exposed photographs. The small written-in indices 
on A and B should be neglected. 
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X-ray oscillation photographs of adularia (“monoclinic” and “triclinic”’) 
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X-ray effects in such a manner that the 
more the reflecting plane deviates from 
the [401] zone, the greater will be the 
effect of the imperfections. Precisely this 
behavior is illustrated by the X-ray 
photographs of “monoclinic” adularia 


(fig. 6). 
DIFFUSE-STREAK INTENSITIES 


The qualitative agreement between 
the assumption (discussed in the fore- 
going section) and the actual X-ray re- 
sults may be extended by some remarks 
on the distribution of intensity along the 
diffuse streaks. Of the approximately six 
hundred spots measured, about 20 per 
cent showed differences in intensity 
above and below the main spot. That is, 
the diffuse portion with a Bragg angle 
greater than the main spot was in these 
cases more or less intense than the diffuse 
portion with a Bragg angle smaller than 
the main spot. This is illustrated in plate 
3, B (see arrow), where such a diffuse 
streak with an especially pronounced 
asymmetry can be seen. 

As discussed in the first two sections, 
microcline as well as triclinic adularia 
shows differences in (Ak/) and (hk/) inten- 
sities. This is shown again in plate 3, C, 
the photograph being one taken of the 
same triclinic adularia albite twin seen 
earlier in plate 2, C, as a precession pho- 
tograph. The photograph in plate 3, C, 
is an oscillation picture, Cu-radiation, 
with 10° oscillation of the b-axis. Because 
it is an albite twin, the (Ak/) spots, which 
would be single in monoclinic adularia, 
will (except in the [401] zone) be split 
into two spots (Akl)—(hkl) in triclinic 
adularia. Plate 3, B and C, illustrates 
this effect. The arrow in plate 3, B, points 
to one (hkl) reflection in “monoclinic’”’ 
adularia, and in plate 3, C, the arrow 
points to two reflections (Akl) —(hkl) in 
triclinic adularia. (The same oscillation 


range relative to the A-axis was used in 
both photographs.) One can observe that 
the two spots (hk/)—(hkl) marked with 
the arrow in plate 3, C, have different in- 
tensities; the intensity of (Ak/), which has 
the larger Bragg angle, is greater than 
that of (hk/), with the smaller Bragg 
angle. Analogously, the diffuse streak 
(marked with an arrow in pl. 3, B) has 
greater intensity on the side with the 
larger Bragg angle than on the side with 
the smaller angle. 

The intensity differences between 
(hkl) and (hi) are, as we have seen in the 
section on triclinic adularia, qualitatively 
the same in microcline and triclinic adu- 
laria, although quantitatively greater in 
microcline. Therefore, the discussion in 
the foregoing paragraph, which compares 
the intensities of “‘monoclinic’’ adularia 
and triclinic adularia streaks and spots, 
is also valid in the case of “‘monoclinic”’ 
adularia versus microcline, with an even 
more pronounced difference. Inasmuch 
as the writer’s experimental data on mi- 
crocline is, to date, more complete than 
that on triclinic adularia, the observa- 
tions to follow are based on photographs 
of microcline, keeping in mind that the 
conclusions to be drawn, qualitative as 
they are, may hold for triclinic adularia 
as well as for microcline. 

It has been found that all diffuse 
streaks that show asymmetrical inten- 
sity correspond to planes which in micro- 
cline produce distinct intensity differ- 
ences between (hk/) and (hkl) spots. Con- 
versely, whenever the (k/)—-(hkl) pairs 
in microcline showed an intensity ratio of 


3 or larger, asymmetrical streaks with 


the corresponding indices were observ- 
able in “‘monoclinic”’ adularia. The rela- 
tion of Bragg angle to intensity as dis- 
cussed above (pl. 3, B, C) is valid for all 
these spots. 

On the whole, it appears that the 
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greater the asymmetry of the streaks in 
“monoclinic’’ adularia, the greater is the 
intensity difference in the corresponding 
(hkl)—-(hkl) spots in microcline. An analo- 


TABLE 7 
RELATIONS BETWEEN THE INTENSITY DIFFER- 
ENCE OF (hkl) AND (hkl) IN MICROCLINE AND 
THE ASYMMETRY OF THE DIFFUSE STREAKS 
IN “MONOCLINIC” ADULARIA 


Direc Direc 
tion of 


tion of 
Asym- | (abl) Asym 


metry | metry 


Rihhi) 


| 425 
112 

|| 823 

| 626 
535... 


4 
4 
6 
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NOTE TO TABLE 7 

Inasmuch as (Akl) and (hkl) have the same @ 
(Bragg angle), it is always possible, in comparison 
of the pairs (Aki)—(hkl), to choose the indices (in the 
triclinic case) in such a way that @(Akl) < (Abi). 
The indices are here chosen in this fashion. Let the 
intensity ratio (Akl) (Akl) be called R. A plus (+) 
sign indicates that the asymmetry of the streak in 
“monoclinic” adularia is greater on the side of 
greater @ (relative to the main spot). A minus (—) 
sign indicates the reverse relation. Thus the relation- 
ship between the intensities of microcline and the 
asymmetry of the diffuse streaks in “monoclinic” 
adularia becomes obvious: an R-value less than 
unity is always accompanied by a (+); a value 
greater than unity, by a (—) sign. 
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gous relation holds for ‘‘monoclinic”’ adu- 
laria and triclinic adularia, at least as far 
as could be determined from those photo- 
graphs of triclinic adularia that could be 
used for this purpose. Neither case, how- 
ever, showed quantitative relationships. 

This relationship is based on visual in- 
tensity estimations of all streaks appear- 
ing on oscillation photographs of ‘“‘mono- 
clinic’’ adularia with 6 as the oscillation 
axis (Fe-radiation, 10° oscillation, with 
an exposure time of 10 hours at 10 Ma, 
45 kv). In table 7 are listed the indices of 
those streaks that show asymmetry of 
intensity. This table also includes the in- 
tensity differences of the corresponding 
(hkl)—(hkl) microcline spots. 

It is the writer's opinion that a suf- 
ficient number of measurements have 
been made to justify the conclusion that 
the relation between the asymmetry of 
the streaks in ‘“‘monoclinic’’ adularia and 
the intensity differences in corresponding 
(hkl) and (hk!) spots in microcline (and in 
triclinic adularia) is not a chance rela- 
tionship. It supports the statement ear- 
lier made (see section on relation of [401] 
zone, etc.) that triclinic areas are present 
in the samples of ‘“‘monoclinic’”’ adularia 
investigated and that these triclinic areas 
have an atomic arrangement similar to 
that in microcline or in triclinic adularia. 
These regions are present as thin lamellae 
with albite and pericline twin relations. 
The pericline twinning was but briefly 
mentioned and was not discussed in de- 
tail because the diffuse phenomena pro- 
duced in these crystals by pericline twin- 
ning are less striking than those due to 
the albite twinning. It should be men- 
tioned, however, that planes (oko), for 
example, show diffuseness in a direction 
near [401] which corresponds to the di- 
rection in reciprocal space that connects 
the points (Akl)—(hkl) of a pericline 
twin. Figure 8 shows how the triclinic 
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Fic. 8.—Two models illustrating triclinic areas twinned after the albite (A,, A,) and pericline (/’,, P,) 
laws, embedded in a monoclinic lattice. These schematic drawings illustrate the relations in a plane approxi- 
mately perpendicular to the c-axis. The greater part of the strain produced by the transformation will be at 
the ends of the twin lamellae, indicated on the drawing by several lines. Continued growth in the digection of 
the twin plane would be expected under these conditions, and elongated lamellae are indeed the rule. 

Notice in B that A, lies on the left side in the upper albite position, and on the right side in the lower. This 
crossing-over of lamellae is commonly observed in thin sections of microcline (Rosenbusch and Miigge, 1927) 
As in fig. 4, deviation from monoclinic symmetry is exaggerated for clarity. 
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albite and pericline lamellae may be 
“embedded” in a monoclinic lattice. This 
figure well illustrates the fact that only 
small structural distortions are produced 
by this partial transformation, inasmuch 
as the albite twin lamellae have the (o10) 
plane in common with the monoclinic 
lattice and the pericline lamellae have 
the [oro] direction in common. 


To date, it has not been possible to de- 
cide whether the triclinic areas present in 
monoclinic adularia most closely re- 
semble microcline or triclinic adularia. 
The intensity data do not fit quantita- 
tively either possibility, but with respect 
to the direction of intensity variation (as 
shown in table 7) either possibility could 
qualitatively account for the observed 
photographs. Two possibilities that might 
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well account for the quantitative dis- 
crepancies are: (1) both types of triclinic 
structure, as well as intermediate states, 
may be present, and (2) the relative 
amounts of the two albite twin positions 
may be variable from place to place or 
from specimen to specimen. A combina- 
tion of these two possibilities must also 
be considered. 

It is hoped that more experimental 
work on ‘“‘monoclinic”’ feldspars from dif- 
ferent occurrences may help answer this 
question. 
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HIGH-TEMPERATURE ALBITE AND CONTIGUOUS FELDSPARS' 


0. F. TUTTLE AND N. L. BOWEN 
Geophysical Laboratory, Carnegie Institution of Washington 


ABSTRACT 


Synthetic albite is found to have X-ray and optical properties different than those of the very pure 
natural albites from pegmatites, but these natural albites can, by heating, be converted into a form identical 
with the synthetic product. High- and low-temperature modifications of albite are thus indicated. The 
inversion temperature is believed to be in the neighborhood of 700° C. Optical and X-ray studies show that 
the inversion extends into the plagioclase series approximately to Ans. These high-temperature plagioclases 
are common as phenocrysts in extrusive rocks but have not been found in plutonic rocks. 


INTRODUCTION 


The problem of the polymorphic modi- 
fications of the alkali feldspars is particu- 
larly vexing to the mineralogist. In spite 
of the extensive and intensive studies, 
there is little agreement among mineralo- 
gists as to the number of modifications or 
their stability ranges. The soda-rich 
feldspar which will be examined here is 
reported to have as many as four modi- 
fications (Alling, 1936). Properties that 
are characteristic and distinctive of the 
various forms are not given; the modi- 
fications being arrived at largely by 
analogy with the potash-rich composi- 
tions. 

The existence of a high-temperature 
monoclinic form has been suspected by 
many investigators because experimental 
studies indicate a complete series of solid 
solutions at high temperatures between 
the morioclinic potash feldspar and the 
soda feldspar. During an investigation of 
the stability relations in the system soda 
feldspar-potash feldspar-water, it was 
discovered that the soda feldspar, being 
synthesized, had X-ray and optical prop- 
erties notably different from those of 
natural albite in pegmatites and granites. 


‘ Manuscript received April 18, 1950. Presented 
at the November, 1940, Annual Meeting of the 
Geological Society of America. 
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As will be shown below, this synthetic 
soda feldspar is different from all pre- 
viously suggested modifications of albite 
but is like the soda-rich plagioclase phe- 
nocrysts from certain extrusive rocks. 


PREVIOUS INVESTIGATIONS 


Dana (1906) was probably the first to 
suggest a second form of albite. He re- 
ported an “abnormal” albite from the 
Azores which had been studied by 
Fouqué. The analysis given by Fouqué 
(1894) indicates the composition 
AbsOr,An,. The optic axial angle 2V = 
45° (—), and the extinction on (o10) is 9”. 
The indices of refraction determined by 
the prism method are given as: n, = 
1.5234, Mg = 1.5294, and m, = 1.5305. 
The optical data, which are probably 
more reliable than the chemical, indicate 
a composition near Ab,,Or,, and suggest 
that this feldspar is anorthoclase rather 
than albite. 

Barbier and Proust (1908) reported a 
monoclinic soda feldspar which was later 
named “barbierite’’ by Schaller (1911). 
Other investigators pointed out that the 
chemical analysis was not reliable and 
the optical measurements inadequate 
(Miakinen, 1917; Alling, 1923, p. 297; 
Barth, 1929, 1931). Barth (1929) re- 
ported soda feldspar from Seiland which 


was optically monoclinic, but it was 
shown by X-ray studies to be made up of 
submicroscopically twinned _ triclinic 
units. It must be concluded that the 
natural soda feldspar has been found only 
in the triclinic form. Barth (1931) writes: 
“No data whatever have been set forth 
so far indicating the existence of a mono- 
clinic modification,” but Merwin has 
shown that an abrupt change in the bire- 
fringence of natural albite takes place 
around C. 

Merwin (1911) reported that both 
orthoclase and albite appear in two 
forms, with a transition temperature 
about goo”. The transition was reported 
to be very sluggish even at 1,100°. Prop- 
erties distinctive of the two forms of soda 
feldspar were not given. 

Winchell (1925) suggests three forms 
of soda feldspar: barbierite, albite, and 
analbite. As mentioned above, barbierite 
has been discredited, and the name 
“analbite’’ was suggested for the “ab- 
normal albite’’ of Dana, already dis- 
cussed. However, analbite was placed at 
the bottom of the temperature scale 
despite the fact that the analyses given 
are of feldspar phenocrysts from lavas. 
The situation is further confused by the 
fourth form suggested by Alling (cleve- 
landite), which is apparently only a 
habit modification of normal albite. 

The four modifications of soda feldspar 
suggested by various investigators can 
thus be reduced to one, the ordinary al- 
bite of pegmatites and granites. The only 
evidence for a second form lies in the 
heating experiments of various workers, 
but in no case are properties given for 
distinguishing the high-temperature 
modification. 


PRESENT EXPERIMENTAL STUDIES 


Soda feldspar synthesized by crystalli- 
zation of a glass of albite composition 
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has X-ray and optical properties some- 
what different from those of ordinary 
albite in granites and pegmatites. On pro- 
longed heating at temperatures a few 
degrees below the melting point, natural 
albite changes to a form essentially iden- 
tical with the synthetic material. The 
time necessary to bring about this change 
varies greatly from one specimen to an- 
other; for example, a very pure albite 
from Amelia County, Virginia, changes 
completely to the high-temperature 
modification on heating at 1,050° for 10 
days, whereas another pure albite from 
Varutrisk, Sweden, changes only par- 
tially in 3 weeks, and albite from Avon- 
dale, Pennsylvania, changes very little 
in that time. The completeness of the 
change is estimated from optical exami- 
nation and from X-ray spectrograms, 
which reveal a change of certain charac- 
teristic spacings. 

Partially inverted material commonly 
shows under the microscope cleavage 
fragments with a rounded core of slightly 
different optical properties. It is pre- 
sumed that this core represents unin- 
verted material. The inversion evidently 
begins at the surface and gradually mi- 
grates inward. 

The high-temperature modification 
has been synthesized from glass under 
pressure of water or water vapor at tem- 
peratures from 250° to 1,000°. It is be- 
lieved that the crystals grown at the 
lower temperatures have formed metas- 
tably, a common behavior with many 


“ silicates. Because glasses are predisposed 


to give high-temperature modifications, 
other initial materials, such as a mixture 
of quartz, corundum, and sodium silicate, 
were tried, but only the high-tempera- 
ture form was obtained. Many runs were 
made, using various low-temperature 
albites as seeds, but no evidence of 
growth of low albite on the seeds was dis- 
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covered. Again different initial materials 
were tried with the seeds, but with the 
same result. 

It is apparent that the only remaining 
way to obtain information on the tem- 
perature of the high-low-albite inversion 
is by heating the low-temperature modi- 
fication at successively lower and lower 
temperatures in the attempt to find a 
temperature below which the inversion 
will not take place. This has been carried 
out with sodium disilicate solution in 
water under pressure as a flux to hasten 
the transformation. At 775° Amelia al- 
bite changed to the high modification in 
3 days, and at 720° the change took place 
in 2 weeks, whereas at 675° no evidence 
of change was found on heating for 3 
weeks. These results indicate that the in- 
version may be near 700°. However, there 
is no assurance that longer heating at 
lower temperatures will not cause trans- 
formation, and a definite value for the 
inversion temperature cannot be re- 
garded as established. 


X-RAY DIFFRACTION PATTERNS OF 
HIGH AND LOW ALBITE 


X-ray spectrograms have been made 
with a Phillips X-ray spectrometer. Sam- 
ples to be X-rayed were prepared by 
mounting on glass slides approximately 
10 mg. of finely ground material made 
into a sludge with acetone, to which ap- 
proximately 1 per cent clear lacquer had 
been added. 

Figure 1 shows X-ray charts of natu- 
ral low-temperature albite, the same ma- 
terial converted to the high modification 
by heating dry in air, and synthetic ma- 
terial prepared by crystallizing glass of 
the composition of albite in the presence 
of water vapor at 800° and 1,000 kg/cm’ 
pressure. Spacings and intensities are 
tabulated for various albites in table 1. 
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Measurements of 2@ are reproducible to 
somewhat better than +0.05. 

The 3.01 A spacing is perhaps the most 
diagnostic of the high-temperature forms. 
Low albite has no comparable spacing. 
However, nearly all the reflections shift 
somewhat from the low to the high form, 
and there is little difficulty in distinguish- 
ing the two forms by means of powder 
patterns. 


OPTICAL PROPERTIES OF HIGH AND 
LOW ALBITE 


Optical properties of the two modifica- 
tions are given in table 2. The most strik- 
ing difference is in 2V, which is +83° in 
the low form and —45° in the high. 
Twinning in the synthetic material 
makes it very difficult to measure 2V 
accurately, and the material which has 
been inverted from the low form by heat- 
ing has a variable 2V (45°-55°). The best 
value is probably near 45°, as is indi- 
cated by natural high-temperature sodic 
plagioclases when their values are pro- 
jected to pure albite (fig. 4). Synthetic 
and heated natural albite have signifi- 
cantly lower indices of refraction than 
the natural low-temperature material. 
Extinction angles on (010) cleavage 
measured against (001) are 20° for low 
albite and 9° for the high form. Maxi- 
mum extinction in the zone 1 (o10) is 19° 
for low albite and approximately 30° for 
high albite. 

High albite appears to have twinning 
laws very similar to the low form, al- 
though the synthetic material is not of a 
quality that permits accurate optical 
studies of the twins. Carlsbad and albite 
twins are certainly represented in the 
high modification. Heated low-tempera- 
ture material apparently develops twin- 
ning during the inversion. Some twins 
having the composition plane parallel to 
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(o10), and others parallel to (001) have 
been noted. It is believed that a careful 
study of the various twins in the syn- 
thetic, the natural high-temperature, 
and the inverted low-temperature mate- 
rial will give much valuable information 
which can be used in interpreting the his- 
tory of natural plagioclases. 

Changes in optical properties of low 
albites on inverting to the high form were 
studied by coating the (o10) cleavage 
with colloidal palladium before heating 
and observing the changes after the 
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X-rays indicated complete transforma- 
tion to the high modification. The pal- 
ladium distributes itself in small globules 
over the cleavage surface and there is no 
difficulty in recognizing the (o10) plane 
after heat treatment. The universal stage 
is used to detect changes in optical prop- 
erties. The (o10), (oo1), and (110) cleav- 
ages can be recognized and plotted on 
the stereographic net, as well as the op- 
tical directions (fig. 2). There is one pos- 
sible source of error in this type of meas- 
urement. It is not known whether the 
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cleavages being measured on the high 
form actually represent the cleavages of 
the high modification or whether they 
are relic cleavages of the low form. The 
optical orientation of the heated mate- 
rial agrees with that of synthetic high 
albite and of natural sodic plagioclase 
phenocrysts from rhyolites. 
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The existence of a high-temperature 
monoclinic soda feldspar has long been 
suspected because of the apparently 
complete series of solid solutions between 
soda feldspar and monoclinic high-tem- 
perature potash feldspar. High albite, 
however, is triclinic, as evidenced by the 
presence of albite twinning and by the 
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extinction angles. The possibility of a tri- 
clinic + monoclinic displacive transfor- 
mation in albite was investigated by dif- 
ferential heating curves through the range 
100°-1,000°, with no evidence of a heat 
effect. Also, G. L. Davis, of this labora- 
tory, investigated the X-ray powder 
spectra of high albite at elevated tem- 
peratures and reported (unpublished): 
“A sample of synthetic high albite was 
x-rayed at intervals of 50° from room 
temperature to 1,050°. Careful examina- 
tion of the powder spectra recorded be- 
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tween 20 = 20°-33° showed no evidence 
of an inversion, although preliminary 
records at elevated temperatures indi- 
cated such a possibility.”’ It is concluded 
that the high-temperature form is tri- 
clinic and that a monoclinic modification 
is not the answer to the dilemma. Pre- 
sumably the possibility still exists of a 
nonquenchable, order-disorder trans- 
formation, which would result in a 
gradual change to monoclinic symmetry 
with increasing temperature. 


TABLE 2 
OPTICAL PROPERTIES OF THE TWO ALBITE MODIFICATIONS 
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1.529 (2) 
Heated Amelia 1.527 (3) 
Synthetic 1.527 (2) 
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Fic. 2.—Stereograms of low (A) and high (B) albite. Bx, = acute bisectrix 
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EFFECT OF ANORTHITE CONTENT ON 
OPTICAL AND LATTICE RELATIONS 


X-ray powder spectrograms of low- 
temperature plagioclase are easily dis- 
tinguished from those of the high form in 
compositions near albite; but, as the 
composition approaches An,., it becomes 
increasingly difficult to establish differ- 
ences (fig. 3). This similarity at An,, 
suggests that the structural change re- 
sulting in the inversion in soda-rich 
plagioclase is not present at An,, or, if 
present, is much subdued by the pres- 
ence of 40 per cent anorthite. 

The effect was studied by utilizing 
certain spacing shifts in the two modi- 
fications. The (732) and (131) reflections 
are 1°06 apart in low-temperature albite, 
and similar reflections in the high variety 
are 2°03 apart. These reflections have 
been measured by using a Phillips X-ray 
spectrometer modified in such a manner 
that 5-minute counts are made at 0°05 
intervals throughout the region of the 
reflections being investigated. This per- 
mits using narrow slits, with consequent 
reproducibility of somewhat better than 
+0°o2 in the difference between the two 
reflections. The Geiger counter is ad- 
vanced, and the counts are recorded 
automatically on a strip chart recorder. 
Copper Ka-radiation is used for these 
measurements. 

If these spacing shifts are plotted 
against anorthite content, the high- and 
low-temperature modifications appear as 
two curves (fig. 5) which approach each 
other as the anorthite content increases. 
In the vicinity of An,,, discontinuities 
appear which are believed to be the re- 
sult of the presence of two intimately in- 
tergrown feldspars in the case of the low- 
temperature series. 

This discontinuity in the low-tem- 
perature modification at An,, is evi- 
denced also from optical properties of 
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the two series. Figure 4 is based on a 
compilation of measurements of the optic 
axial angle of plagioclases. The optic 
axial angle, 2V’, of the high-temperature 
series in the soda-rich region obviously 
approaches the low with the addition of 
anorthite, and the two become nearly the 
same at An,,. The data suggest that 2V 
of the low-temperature form has a dis- 
continuity in the neighborhood of An,;. 
Evidence for such a break is shown also 
by the indices of refraction (Chayes, 
1950). 

Natural plagioclase feldspars in the 
composition range An,,~Ane; apparently 
consist of two phases in many cases. The 
evidence is shown in figure 5, where the 
vertical dashed lines indicate that two 
values are obtained for the angle between 
the (732) and (131) reflections. Heat 
treatment of these inhomogeneous feld- 
spars results in a merging of the two sets 
of reflections, the final value lying near 
the curve for the synthetic high-tempera- 
ture series. Natural plagioclases may oc- 
cur as either of the two types. No evi- 
dence of optical inhomogeneity was 
discovered. 

Natural plagioclases whose composi- 
tions lie between An,,. and An,.. show 
slight changes in optical and X-ray prop- 
erties on heating. The indications are 
that a transformation exists in these 
compositions, but whether this is a first- 
or a second-order change and whether it 
is related to the albite inversion or not 
remain for further studies to decide. The 
change in albite on inversion is certainly 
of a totally different order of magnitude. 


EFFECT OF POTASH CONTENT 


Low-temperature albite apparently 
cannot tolerate more than very small 
amounts of potash. Crystals which have 
formed side by side with potash feldspar 
usually contain only a few tenths of a 
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Fic. 3.—-X-ray spectrometer charts of high- and low-temperature plagioclase feldspars 


NW a 
| 
| 
| 
| 3 ime 
| 
\ 
4 
A 
‘ 
Pegmotite 
4 
a 


580 
per cent of K,O. The high-temperature 
form is probably completely miscible 
with potash feldspar. This relationship is 
discussed elsewhere (Bowen and Tuttle, 


1950). 


x Notural 


Low Temperoture Feidspors + Natural 
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O Synthetic 
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tion. If it is order-disorder and at the 
same time sluggish, one can expect to 
find all intermediate stages, and it should 
be possible to synthesize albite with 
X-ray and optical properties exhibiting 
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Fic. 4.—Optic axial angles of analyzed plagioclase feldspars. AB and CB represent high- and low- 
temperature soda-rich plagioclases, respectively. BDF is the most probable relation for natural low-tempera- 
ture feldspars of other compositions. High-temperature synthetic lime-rich feldspars (EF) show a slight 
deviation from the natural crystals. All values except those along the line AB are taken from the literature. 
Feldspars along AB are by analysis: Ano pegmatite, Amelia County, Virginia, heated at 1,080° C. for 3 weeks; 
An,,; phenocrysts from rhyolite (Larsen, 1938, p. 235); Ani; pegmatite, South Carolina, heated at 1,060° for 
7 days; An, pegmatite, Bakersville, North Carolina, heated at 1,060° for 7 days; and Ans pegmatite, 
Mitchell County, North Carolina, heated at 1,060° for 7 days. 


NATURE OF THE TRANSFORMATIONS 


The albite inversion, as well as the 
similar change in contiguous feldspars, 
is exceedingly sluggish. This behavior is 
consistent with a reconstructive trans- 
formation or with some type of order- 
disorder change. X-ray and optical 
studies of high albite show that it is very 
similar to the low form, a feature perhaps 
favoring an order-disorder transforma- 


a complete gradation from the low to the 
high. As mentioned before, it has not 
been possible to synthesize low albite, 
and, although temperatures of growth 
covered a range of 750°, no evidence of a 
gradational nature was discovered. In all 
cases the high form was produced. Natu- 
ral albitic feldspars are either high or low 
without evidence of intermediate states. 

It is concluded that the albite inver- 
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sion must involve some changes other 
than Al=*Si order-disorder. The fact 
that both modifications are changed by 
the addition of anorthite in such a man- 
ner that they become very similar at 
An,; appears to support the suggestion 
that Al = Si disorder is not the domi- 
nant factor in the inversion. Significant 
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and low-temperature optics for the pla- 
gioclase series. The studies explain many 
anomalies which have annoyed those at- 
tempting to use the determinative charts 
for the feldspars. Kéhler has published 
new charts for the high and low feldspars. 
However, investigations by Oftedahl 
(1948, p. 15) indicate that the charts may 
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Fic. 5.—-Variation, with composition, of the angle between the (132) and 131) reflections in some plagio- 


clase feldspars. 


differences in refractive indices (density) 
and the large heat of transformation? also 
suggest marked structural changes. 


DISCUSSION 


One of the most significant advances 
in the mineralogy of the feldspars has 
been the recognition by Kéhler (1941) 
and co-workers of the existence of high- 

> F. C. Kracek, of this laboratory, has determined 


the heat of transformation of albite to be approxi- 
mately 9 cal/gm. 


have to be revised in some cases, and he 
suggests the probability of transitional 
optics. Tertsch (1944) has heated albite 
from Mariupol and found changes in op- 
tics barely greater than the limit of error 
of measurement, at least in the values of 
Kohler angles. Actually, the difference of 
optical orientation between high and low 
albite is very marked, and it may, there- 
fore, be doubted that Tertsch really had 
high albite. 

Unusual optics have been reported by 
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petrographers for plagioclases in the 
An,.,. composition range. For example, 
Oftedahl (1948, p. 34) writes: ‘All the 
physical properties suit fairly well with 
those of an oligoclase (15-20 An), with 
one exception: The axial angles are defi- 
nitely too low, 62° instead of 80-90°.”’ 
Again Oftedahl (1948, p. 20) writes: 
“. Then an axial angle of 68° is anoma- 
lous. | think it may be due to a potash 
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Fic. 6.--Equilibrium diagram for the plagio 
clase feldspars. Subsolidus relations tentative. 


oligoclase, containing potash in solid so- 
lution, resulting in an alteration of the 
axial angle, but without influence on the 
other optical data.’’ Such values may be 
expected in high-temperature plagio- 
clase. Larsen (1938) reported a plagio- 
clase containing 11 per cent anorthite 
and found refractive indices which neces- 
sitate a negative sign. Examination of 
this material, kindly provided by Dr. 
Larsen, reveals X-ray and optical proper- 
ties of the high-temperature series (i.e., 
2V = 58°(—); see also fig. 4). 

S. H. Chao and W. H. Taylor (1940) 
have suggested that the plagioclase feld- 
spars may consist of two separate iso- 
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morphous series, one with the albite 
structure extending to An,,+ and the 
other with anorthite structure extending 
from Anggs, to An,,, and a series of inter- 
mediate plagioclases consisting of a mix- 
ture of these two occurring as sheets par- 
allel to (001), each sheet being a few unit 
cells in thickness. Anorthite-rich plagio- 
clases have a unit cell in which c = 14.2 
A, whereas albite has c = 7.2 A. This 
doubled unit cell indicates that the solid- 
solution series is not complete. No at- 
tempt was made by Chao and Taylor to 
reconcile this hypothesis with the physi- 
cal-chemical results of Bowen (1913), 
which indicate a complete series of solid 
solutions at the solidus. 

Soda-rich plagioclases investigated by 
Chao and Taylor were undoubtedly the 
low-temperature modification, and per- 
haps the existence of high albite will rec- 
oncile the two hypotheses. If high albite 
has a unit cell capable of forming a com- 
plete series of solid solutions with the 
anorthite structure, the inconsistencies 
will disappear. Feldspars in the composi- 
tion range An,,-Ang, studied by Chao 
and Taylor were probably changed from 
an initially homogeneous character and 
now consist of submicroscopic inter- 
growths of two feldspars. Is it possible 
that their picture of this intermediate 
group would be altered if homogeneous 
feldspar were studied in place of the 
probably unmixed material? 

If the temperature of the albite in- 
version is near 700°, as is suggested by 
the present study, one would expect to 
find plagioclase crystals with cores of 
high-temperature feldspar and rims of 
the low form in some extrusive rocks. 
The presence of such feldspars in plu- 
tonic rocks would be decisive evidence 
for a magmatic history of these rocks. 

However, it is possible that the high 
form cannot survive the excessively long 
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period of exposure to a moderately ele- 
vated temperature which is characteristic 
of plutonic conditions; but, at the same 
time, it is not improbable that the high 
form will have a ‘‘memory” of its former 
state, that is, it will show characters 
which permit ascertaining whether or not 
it grew as the high modification. For ex- 
ample, the crystal habit of the high form 
may be significantly different from the 
low, or perhaps the optics or twin laws 
of the two forms will be diagnostic. The 
nature of the twinning should certainly 
be different when the crystals are grown 
below the inversion, as compared with 
that developed when they are inverted 
from the high-temperature modification. 


Auutnc, H. L. (1923) The mineralography of the 
feldspars, part II: Jour. Geology, vol. 31, pp. 
282-305. 

——-— (1936) Interpretative petrology of the igne- 
ous rocks, New York, McGraw-Hill Book Co., 
Inc. 

Barsier, P., and Prost, A. (1908) Sur l’existence 
d’un feldspath sodique monoclinic isomorphe de 
l’orthoclase: Bull. Chem., vol. 3, p. 894. 

Barta, T. F. W. (1929) Uber den monoklinen 
Natronfeldspat: Zeitschr. Kristallographie, vol. 
69, pp. 476-481. 

(1931) Permanent changes in the optical 
orientation of feldspars exposed to heat: Norsk 
geol. tidsskr., vol. 12, pp. 57-72. 

Bowen, N. L. (1913) The melting phenomena of 
the plagioclase feldspars: Am. Jour. Sci., vol. 35, 
PP. 577-$99- 

and Tourttie, O. F. (1950) The system 
NaAlSi,Os-KAISi,O¢-H,O: Jour. Geology, vol. 
58, pp. 489-511. 

Cuao, S. H., and Tayitor, W. H. (1940) Iso- 
morphous replacement and superlattice struc- 
tures in the plagioclase felspars: Royal Soc. 
London Proc., vol. 176, pp. 76-87. 

Cnayes, Fetrx (1950) On the relation between 

anorthite content and y-index of natural plagio- 

clase: Jour. Geology, vol. 58, pp. 593-5¢5- 


REFERENCES CITED 


In figure 6 is presented an equilibrium 
diagram of the plagioclase feldspars 
which includes an interpretation of the 
relations at subsolidus temperatures. Al- 
bite is assigned the definite inversion 
temperature indicated by our studies. 
The inversion is lowered by solid solution 
of anorthite in the manner indicated. 
Lime-rich plagioclases are assumed to 
show only continuous change (Al = Si 
disorder) with temperature. This rela- 
tion probably exists throughout the 
whole area designated “one plagioclase.”’ 


ACKNOWLEDGMENTS.—The writers are in- 
debted to Dr. J. F. Schairer for providing many 
synthetic compositions used in this investiga- 
tion and for making numerous “dry” heating 
runs on natural feldspars. 


Dana, E. S. (1906) A system of mineralogy, New 
York, John Wiley & Sons. 

Fougvt, F. (1894) Contribution l'étude des feld- 
spaths des roches volcaniques: Soc. frang. min- 
éralogie Bull. 17, pp. 283-611. 

Koénter, A. (1941) Die Abhingigkeit der Plagio- 
klasoptik vom vorangegangenen Wirmever- 
halten: Zeitschr. Kristallographie, Min. Pet. 
Mitt., vol. 53, pp. 24-49. 

Larsen, E. S. (1938) Petrologic results of a study of 
the minerals from the Tertiary volcanic rocks of 
the San Juan Region, Colorado: Am. Mineralo- 
gist, vol. 23, pp. 227-257. 

MAKINEN, Eero (1917) Uber die Alkalifeldspite: 
Geol. fren. Stockholm Férh., vol. 39, no. 2, p. 
122. 

Merwin, H. E. (1911) The temperature stability 
ranges, density, chemical composition and 
optical and crystallographic properties of the 
alkali feldspars: Washington Acad. Sci. Jour., 
vol. 1, p. 59. 

Ortepant, C. (1948) Studies on the igneous rock 
complex of the Oslo. region. IX. The feldspars: 
Norske vicdensk.-akad. Oslo Skr., I Math.- 
naturv. K1., no. 3, pp. 1-71. 

ScHALLER, W. T. (1911) Note on barbierite, mono- 
clinic soda feldspar: Washington Acad. Sci. 
Jour., vol. 1, pp. 114. 

Wivncuett, A. N. (1925) Studies in the feldspar 

group: Jour. Geology, vol. 33, pp. 714-727. 


if 
it 

a 
| 
vg 
vs | 


AN X-RAY INVESTIGATION OF THE “HIGH”- 
“LOW” ALBITE RELATIONS' 


FRITZ LAVES AND URSULA CHAISSON 
University of Chicago 


ABSTRACT 


As shown in the accompanying paper by Tuttle and Bowen, two kinds of albite exist. They are distin- 
guished by optical properties and differences in X-ray powder patterns. The generally known “normal” albite 
(called “low” albite in this paper) is one type, the other (here called “high” albite) can be obtained by heat 
treatment of “low” albite or by direct synthesis. 

This investigation deals with some of the “low-high” albite relations. X-ray investigations combined with 
optical measurements have been carried out. The optical measurements are similar to those reported by 
Tuttle and Bowen. 

Structural differences as revealed by the X-ray photographs are discussed. The lattice of “low” albite 
differs from that of “high” albite in that (010)A(100) changes from g0°30’ to 88°15’ and (o1ro)A(oor) from 
86°20’ to 86°". This lattice difference is accompanied by changes in intensities of the X-ray reflections. The 
structural differences, as far as they are expressed as intensity differences of the X-ray reflections, are of the 


same order of magnitude as the differences in microcline and orthoclase. 


INTRODUCTION 

The present investigation is an out- 
growth of the work done by Tuttle and 
Bowen, as reported in an accompanying 
paper in this issue of the Journal. These 
authors report the large optical changes 
that result when albite is heated for a 
sufficiently long time in the proper tem- 
perature range. Using the X-ray powder 
method, they also show that the optical 
changes are accompanied by structural 
change. Tuttle and Bowen kindly sup- 
plied the authors with much of the mate- 
rial used here for a combined optical and 
X-ray study. The X-ray work was car- 
ried out by the senior author, the optical 
work by the junior author. 

Spencer (1930) and Barth (1931) re- 
ported that in some cases heating albite 
at 1,000°C. changed the 2V about 8°. 
Barber (1936) disputed these results, but 
Spencer (1937) confirmed his earlier 
results and found that the time of heat 
treatment is important and also that al- 
bites from different localities behave dif- 
ferently. In this later work he reports a 


' Manuscript received May 26, 1950. 


change in 2Vq of from 100° to 35°-60° 
upon prolonged heating at 1,075° C. The 
extinction angle on (o10) also changed 
from 18° to 8°. Kohler (1941) and his co- 
workers, Scholler and Tertsch, also ob- 
served some changes, as published in dia- 
grams by van der Kaaden (1949). 

Tuttle and Bowen show that all albite 
that they have synthesized, in a tem- 
perature range that goes as low as 300° C, 
is “high” albite. The synthetic crystals 
used in the present investigation were 
kindly supplied by Mr. I. Friedman, one 
batch being grown at 300°C., another 
at 450°C. 

All the crystals used for the X-ray 
study were measured optically. These 
measurements (with one exception) were 
similar to those reported by Tuttle and 
Bowen on both the heated natural aibite 
(Amelia County, Virginia) and the syn- 
thetic crystals. These optical data also 
agree with those of Spencer (1937). 


OPTICAL STUDY 


Figure 1 illustrates the orientation of 
unheated Amelia albite as seen in a sec- 
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tion cut normal to the c-axis. This is the 
usually accepted orientation and axial 
angle of albite. Figures 2 and 3 are stereo- 
grams of Amelia albite heated at 1,060° 
for 3 weeks (material supplied by Tuttle 
and Bowen). The orientation shown in 
figure 2 is very similar to that reported 
by Tuttle and Bowen in the accompany- 
ing paper. Figure 3 shows an entirely dif- 
ferent orientation and 2V. This meas- 
urement was made on a crystal from the 
same batch of heated material that pro- 


g 


Fic. 1.-—Stereogram of unheated Amelia Court- 
house albite. 


duced the common orientation and 2V of 
figure 2. 

The hydrothermally synthesized al- 
bite here studied from the batch grown 
at 300° showed two distinct crystal 
habits, both habits being produced in the 
same experimental run. Some of the 
crystals grew as needles elongated in the 
direction of the c-axis, with (001) and 
(o10) predominant. These needles for 
the most part showed fine polysynthetic 
albite twinning, and only a few crystals 
could be found with areas sufficiently 
free of this fine twinning to permit meas- 
urements of the optical indicatrix. The 
other crystals were flat tablets, nearly 


square in outline, lying on (o10). All 
of the tablets were finely twinned after 
two laws, the pericline and one similar 


Fic. 2.—Stereogram, showing the average orien- 
tation and axial angle of two fragments of heated 
Amelia Courthouse albite. 


Fic. 3.—Stereogram, showing unusual optical 
orientation of heated Amelia Courthouse albite. 


to the Carlsbad, as revealed in the X- 
ray study.” The twinning was not recog- 
nizable under the microscope. Each tab- 
let showed an average orientation for its 


? See explanation in the legend for pl. 2. 
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assemblage of twins, so that the plotting 
of optical orientations has no signifi- 
cance. It could be observed, however, 
that a was the acute bisectrix. On the 
stereogram of figure 4 are plotted the 
optical measurements made on eleven of 


Fic. 4.-—-Stereogram, showing average orienta- 
tion and axial angle of eleven synthetic albite 
needles. 


the needle-like synthetic crystals. The 
average readings are represented by 
heavy symbols. These values are similar 
to those of the heated Amelia albite, as 
shown in figure 2. 

Table 1 summarizes the optical meas- 
urements meade on albite. X-ray data 
taken from the same samples are also 
included here. 
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X-RAY STUDY 


The precession technique was used on 
all the albite samples. (See accompany- 
ing paper on potash feldspar for methods 
used.) All measurements here quoted 
have a limit of error of +5’. Care was 
taken in all measurements to correlate 
the optical indicatrix with the chosen 
system of co-ordinates, as defined by a 
and . The angular values are given in 
table 1. 


AMELIA COUNTY ALBITE 


This material, examined before and 
after heat treatment (3 weeks at 1,060° 
C.), was’supplied by Tuttle and Bowen. 
The sample had been crushed before 
heating, as the transformation to “high” 
albite takes place more readily in finely 
divided material. Those grains that were 
optically the most uniform were chosen 
for the X-ray photographs. 

Plate 1, A, is a precession picture of 
“low” albite with c as the precession 
axis. The (ko) planes are here recorded. 
The reciprocal axes, a* and b*, represent 
the normals to the planes (hoo) and 
(oko). It can be seen that the angle be- 
tween +a* and +5* is greater than go”. 
[The exact value of (oko) A (hoo) is 
go°30’.]| Compare plate 1, A, with 1, EZ, 
the latter being a precession picture of an 
albite twin. The a*-axes of the two twin 
individuals form an angle of 1°. 


PLATE 1 
Precession photographs of “low” and “high” albites with ¢ as the precession axis. No radiation. The 
symbols <go° and >go° on the photographs refer to the angles between +a* and +6*. The arrows indicate 


spots discussed in the text. 


A, Photograph of ‘‘low” albite (no. 1, table 1). The observable doubling of the spots is here due to lineage. 


B, Photograph of “high” albite (no 5, table 1). 
C, Photograph of ‘‘high”’ albite (no 2, table 1). 


D, F, Photographs of a ‘‘high” albite twin, twinned after the albite law. Diffuse lines that can be ob- 
served between the spots are discussed in the last section of the text. 

E, Photograph of a ‘‘low” albite twin (Amelia County albite), twinned after the albite law. Compare 
the intensities of the encircled spots with corresponding spots in F. Note the reverse ratio of intensities in 
the latter, due to the fact that the right spots of the doublet in E correspond to the left spots in F. (The 
value of +a* A +6°* is greater than go° in E and smaller than go° in F. 
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Plate 1, C, is a precession picture of a 
heated grain. Compare it with 1, A (un- 
heated). Note that the angle between 
+a* and +5* is less than go’. [The exact 
value of (oko) A (hoo) is 88°35’.] Com- 
pare plate 1, C, with 1, D, the latter be- 


No. Mareriat Fic Heat Teeatwent 


Albite (from litera- 
ture)*. 


Albite (Amelia).| | Unheated 


I I 
2. Albite (Amelia).| 2 | 1,060°C. for 3 weeks 
3. Albite (Amelia).| 3 | 1,060°C. for 3 weeks 
4. Synthetic albite! 
(needles)... .. 4 | Synthesized at 300° C. 
5. Synthetic albite 
(needles)... .. Synthesized at 300° C. 
6. Synthetic albite} 
(needles) Synthesized at 450° C. 


ing an albite twin (heated). Compare 
plate 1, D (heated), with 1, E (unheated), 
and note the difference in the angles 
formed by the a*-axes. (In both cases 
the 6*-axes coincide because of the albite 
twinning.) 
SYNTHETIC NaAlSi,Os 

Crystals of albite suitable for single- 
crystal X-ray photographs were obtained 
from I. Friedman. These crystals were 


from the same hydrothermal run. 


TABLE 1 
OPTICAL MEASUREMENTS MADE ON ALBITE 


Orricat Data 


* Data from literature: crystallographic angles from Dana (1909); optical from DuParc and Reinhard (1924) 


prepared in Morey-type bombs at 300° 
and 450°C. in an investigation of the 
albite stability field in a portion of the 
system Na,O-Al,0,-SiO,-H,O. All the 
material formed at both temperatures 
was “high” albite. 


X-way Data 


(o10) (oro) | | 
Aloo) 


| 
86°24’ | 88°8’ | 94°3" 


go 30, 86" 20 87°39, 
64. 88°35 89 36 9 3,44, 
40 88"5 86°0 90"9 93° 3° 


56°+3° | 88°16’ 
56°+3° 88°15" 


56°+3° | 88°16’ | 86°10’ | g0°4’ 


The two habits of these crystals were 
briefly described in the preceding section. 
Plate 1, B, is a precession picture of one 
of the needle-like crystals. Comparison 
of this picture with 1, C (heated Amelia 
albite), shows the similarity of the angles 
between +a* and +05* and the simi- 
larity of spot intensities. No differences 
could be observed between needles grown 
at 300° and those at 450° C. Intensities 


PLATE 2 


Precession photographs of ‘‘high” albite, with 6 as the precession axis. Cu radiation. Both crystals were 


A, Photograph of one of the tabular crystals. The pattern shows that this platy crystal is twinned with an 
axis very close to ¢ (i.e., very close to a*). The indices for the spots are given in fig. 5, a schematic drawing. 
Precession pictures with the c-axis as precession axis (not presented here) show two positions related by the 
pericline law. Therefore, we have a “‘fourling” of pericline twins: P, — P, and P’, — P’,. P and P’ are related 


to each other by a twin axis that is normal to 6 (and 6’). The twin axis thus is perpendicular to [oro] and lies 


in the (100) plane. This corresponds to the “‘X-pericline” law, according to Berek (1924). Both twin axes 
are perpendicular to each other. (This might indicate that these tabular crystals had a rhombic nucleus at 
the beginning of crystallization. This statement is made on the basis of the reasoning presented in the ac- 
companying paper on potash feldspar, to account for the microcline twinning. ) 


B, Photograph of an untwinned portion of a synthetic albite “needle.” 
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and lattice angles are the same within 
the limit of experimental error (see table 
I, nos. 5 and 6). 

The platy albite crystals [plates par- 
allel (o10)] showed sharp edges parallel 
to [oor]; the other two edges were 


Fic. 5. A, schematic drawing of the spots visible 
in the precession photograph (pl. 2, B). B, schema- 
tic drawing of the pattern in A, twinned with an axis 
close to ¢ as twin axis. The spots have the same po- 
sitions as shown in the photograph (pl. 2, A). 


ragged. Precession photographs of these 
crystals taken with both ¢ and 6 as the 
precession axes showed the plates to be 
twinned after the pericline law and a law 
similar to the Carlsbad. No albite 
twinning is present in crystals of this 
habit. Compare plate 2 with figure 5. 


REMARKS ON THE STRUCTURAL RELA- 
TIONS BETWEEN “‘ LOW” AND “HIGH” 
ALBITE 

Although no quantitative evaluation 
of the X-ray photographs with a view 
toward the determination of the struc- 
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ture of “high” albite has been attempted, 
it is possible to obtain some information 
on the amount of structural difference 
between the two modifications. This was 
done by comparing the intensities of the 
two modifications in a statistical manner. 

As shown in table 1, the lattice differ- 
ences between the two forms are rather 
small. The angular differences are simi- 
lar to the amount of deviation of micro- 
cline from orthoclase. (see the accom- 
panying paper by Laves on potash feld- 
spar). Table 2 presents the angular 
values for the two modifications of albite 
and for orthoclase and microcline. The 
lattice angles of “high” albite are smaller 
than those of the “‘low’’ form, and the 
table shows the angular differences of the 
two forms as compared to the differ- 
ences between orthoclase and micro- 
cline. 

As is pointed out in the accompany- 
ing paper on K-feldspar (table 4), the 
differences between (hkl) and (hkl) are 
associated with the change of the angles 
y* and a* as they deviate from go”. Ta- 
bles 3 and 4 show that intensity differ- 
ences of the same order of magnitude are 
observed between “high” and “‘low”’ al- 
bite. Plate 1, A (“low” albite), and 1, B, 
C (“high” albite), show such intensity 
differences, especially for the spots 
marked by arrows. The intensity of (170) 
for “high” albite is less than (170) for 
“high” albite, and the intensity of (190) 
for “high” albite is greater than (190) 
for “high” albite, whereas in “‘low”’ al- 
bite (170)—(170), on the one hand, and 
(190)—(160), on the other hand, have 
the same intensity. These same relations 
are found for microcline-orthoclase. 
Compare plate 1, B (“high’’ albite), 
and 1, A (“low” albite), with plate 1, £, 
of the accompanying paper on potash 
feldspar. 

Table 3 lists the intensities of 55 pairs 
(sko)—(hko) in “low” albite and “high” 


= 
| 
i | 


X-RAY INVESTIGATION OF “HIGH”-“"LOW” ALBITE RELATIONS 589 


albite. These intensities were estimated 
from precession photographs, as de- 
scribed in the paper on potash feldspar. 
In addition to the intensities, table 3 
also lists the intensity differences be- 
tween (hkl) and (hkl). These differences, 
compared with the intensities them- 
selves, furnish information on the “‘tri- 
clinicity” of the structure. Let R be the 
ratio of the sum of the differences (A) 
between the intensities to the sum of the 
intensities. It is thus obvious that R is 


Thus it is shown (as is also apparent 
from the lattice geometry, table 2) that 
“high”’ albite is “more triclinic’ than 
“low” albite. This conclusion applies 
for the triclinic attitudes in the zone of 
the c-axis, the zone in which this inten- 
sity method was used. 

The value of R for microcline also can 
be obtained from the intensity data of 
the microcline (Ako) planes. Comparison 
of the microcline value with the albite 
value is of interest. From table 4 of the 


TABLE 2 


ANGULAR VALUES FOR THE TWO MODIFICATIONS OF ALBITE, 
FOR ORTHOCLASE, AND FOR MICROCLINE 


y* 
Material 


“Low” albite go” 30" 


“High” albite 88°15’ 


Orthoclase 


Microcline 


equal to zero in a monoclinic structure, 
since for monoclinic symmetry there is 
no intensity difference between (hko) 
and (hko). In the triclinic case the (o10) 
plane is no longer a symmetry plane, 
and therefore one cannot expect the 
(hko) and (Ako) intensities to have the 
same values. If, however, deviation from 
monoclinic symmetry is small, the in- 
tensity of (Ako) will not be very different 
from that of (ko). Therefore, the closer 
a triclinic structure approaches a pseudo- 
monoclinic one, the smaller will be these 
intensity differences, and the smaller will 
be the ratio R. 

Using the intensity values of table 3, 
the ratio R can be calculated for the two 
modifications of albite thus: 


R (“low” albite) = 74, = 0.21, 


R (“high” albite) = 7, = 0.25. 


(>10)A( 100) (o10)Aloor) | 


86°20’ 
86°00’ 
go"oo" 


89°35" 


potash feldspar paper we obtain 


R (microcline) = =0.13, 


As expected, microcline has a structure 
more nearly pseudo-monoclinic than al- 
bite does, because the deviation from 
monoclinic symmetry (where R = o) is 
smaller than that for albite. 

It is of interest to express the devia- 
tion of the ‘high’ albite structure from 
the “low” albite structure in the same 
fashion. As above, let 


— Tain = (ow) for “low” albite ; 
Tinned) — Tain = (high) for “high” albite ; 


and 
A’ = A (high) — A (low). 


Then R’ (= sum of differences A’ : sum 
of intensities of “‘low”’ albite) is a meas- 


ure of the deviation of the “high” albite 
structure from the “low”’ albite struc- 
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TABLE 3 


INTENSITIES OF (Ako) PLANES OF “HIGH” AND “LOW” ALBITE* 
3 4 5 .. 8 9 1 12 13 14 15 


| 3441 | 43’ —4 3'5 +14 | 10 
—3 | 34’ | 54 | 30 


+3 


+1 | 43’ 
+2) 54 


56’ +14 2'o | 45 +1 | 
+1 


| 56 +1 40 —4! 56 44 


i+) 


03'+34 +4 | 34 +1 | 00 
os +5 +1 54° 01 


+1} 


| —4 | 46 +2 
44 ss’ +4) 


—34 +1} 


| 
| 
| 


* Taken from precession photographs, as in pl. 1, B and A. Mo-radiation 


NOTES TO TABLE 3 
The figures 0, 1, 2, 3, 4, 5, 6, 7, 8, represent intensity values—o, 1, 2, 4, 8, 16, 32, 64, 128. The intensity 
values of the different modifications are arranged in the following way: 
[aB | 
> 


The A position is the value of (Ako) in “high” albite; The B position is the value of (#ko) in “high” albite; 
The C position is the value of (Ako) in “low” albite; The D position is the value of (ko) in “low” albite. 
The meaning of A’ is discussed in the text. The quantity n’ signifies an intensity value between n and 
(n+1). In some cases a difference in intensity between (hko) and (hko) exists. Here these intensity differences 
appear in extra figures in the box (4-values in the text). The symbol (+) signifies (hho) > (hko) and (—) 


signifies (Ako) < (hho). 


: 
(8ko) ° -3 
43 21 —1 | 02 1/1’ o2 +2 | 02’ +24 | 
(7ko) 43° —4 | 22 12 +1132 02 +2 0'3 +24 | 
-4 | +1 +1 
| 4’s’+1 | 66 02 +2) 00 | or’ +1} 02 +2 o4 +4 
(6ko) | §6°+14 | 7'7 | 22 | o’o’ | o2 +2/45 +1 
+4 +2 +3 
45 +1 3'3' 11 -4 
(sko) | 22 (02 +2 
| | j 
8 10 —1|or +1 10 —1 
: (4ko) 20 02 +2/40 
+3 
(sho) ss +1 41 —3 | | 22" +4 
+ +1} | +u 
° 30 —34 | 3'3" 
i (2ko) ° 8 67 7'7 —} | 88 40 4'4’ +1 
+1 +} 
(tho) 4 88 03 +3 03'+3) 44 
+ | +1 
- 8 6 2 4 


ture. Again, using the intensity data of 
table 3, we get 


R’ (relation of “high” to “low” albite) 


= = 0.15. 


The R’ = 0.15 value is quite similar 
to R = 0.13 for microcline, and one may 


(8ko).. 
(7ko) 
(6ko) 
(sko) 
(4ko) 
(3ko) 
(2ko) 


(1ko0) 


* As defined in the text 


therefore conclude that the differences 
in the “high’’ and “low” albite struc- 
tures are of the same order of magnitude 
as the differences between the microcline 
and orthoclase structures. This analogy 
is even more apparent if one compares 
the signs and magnitudes of A (micro- 
cline) and A’ = A (“high” albite) — A 
(“low” albite). Table 4 lists these data. 
The A-values for those (kl) spots that 
show large intensity differences between 
(hkl) and (hkl) in microcline [for exam- 


TABLE 4 
INTENSITY DIFFERENCES 3 AND 


The upper figure of each croup refers to 4, the lower to 3’ 
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ple, (820), (480), (370), (170), (190)] are 
of the same magnitude and sign in the 
“high” and “low” albite comparison. 

The statistical method here used is 
somewhat crude and could be refined in 
several respects. Refinement, however, 
was not deemed necessary for present 
purposes. 


A NOTE ON THE TRANSITION IN ALBITE 

As Tuttle and Bowen point out in 
their accompanying paper, the “low’’- 
“high” albite transformation is very 
sluggish. In this connection, attention 
may be called to plate 1, D. This photo- 
graph is the same as plate 1, 7, but was 
exposed for a longer time in order to 
bring out some diffuse lines between the 
spots. The pattern of spots is due to the 
combination of two patterns of the type 
shown in plate 1, B, as a result of albite 


a 
1 2 ™. | to | sa | te | $ 
+3 | +1 | | | 
+2 | | 
to | +3 | 
—4$ | +4 +2 | | +14) +3 | ia 
+1 | 
+1 | +4 | 2 | +4 
| +4 +4 +3 | | +4 | | | —1 | | 
| +4 +14) | | +13) 
+1 J+r] | a 
| —3 | +2 | —4 | +2 | | +4 
| +1 | ~ 34] | +14 +1 
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twinning. (The b*-axis coincides for both 
twin positions, but the a*-axes do not.) 
Before heating, the angle between a* 
and b* is greater than go” (pl. 1, A). After 
heating, this angle is smaller than go° 
(pl. 1, C). The diffuse lines between the 
twin spots in plate 1, D, indicate states 
with intermediate values for a* A b*. 
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Thus the transformation from ‘‘low’’ to 
“high” albite takes place more or less 
continuously, (100) A (o10) going from 
90°30’ to 88°s’. 
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NOTES ON THE FELDSPARS 


ON THE RELATION BETWEEN ANORTHITE CONTENT 
AND y-INDEX OF NATURAL PLAGIOCLASE' 


FELIX CHAYES 
Geophysical Laboratory, Carnegie Institution of Washington 


Discovery of the close relation between 
the chemical composition and refractive in- 
dices of the plagioclase feldspars was one of 
the early triumphs of modern mineralogy. 
Over the entire range of composition this 
relation is good enough to be extremely use- 
ful, but its form has never been determined. 
That the series is not structurally homoge- 
neous has been established by crystallogra- 
phers, and departures from continuous var- 
iation in the form and orientation of the 
optical indicatrix have been the subject of 
elaborate studies by European workers. 
More recently the existence of high- and 
low-temperature forms at the albite end of 
the series has been clearly demonstrated. 
The literature is reviewed and the experi- 
mental work is described elsewhere in this 
issue. The known high- and low-temperature 
forms generally differ in index, so that the 
relation between index and composition 
must be more complex than was once sup- 
posed. Ideally, the whole subject should be 
thoroughly examined, but this can only be 
a long-range project. Pending the appear- 
ance of someone willing to undertake the 
task, we have to content ourselves with as- 
sembling and reviewing data already pub- 
lished. 

Such an approach encounters immense 
sampling difficulties and can never be more 
than suggestive, if only for the reason that 
the data points are not of equal value and 
tend to be irregularly distributed over the 
range. It can be shown, however, that index 
data do indicate—or are, at any rate, com- 
patible with—more complex relationships 


* Manuscript received April 17, 1950. 


than the single completely continuous solid 
solution of classical mineralogy. Without an 
extensive literature search the intermediate 
index cannot be used for this purpose, since 
in many brief notices one cannot determine 
whether 8 was measured or computed. The 
upper and lower indices are available, how- 
ever, and, though only ¥ is considered in this 
note, similar relations appear to hold for a. 

Figure 1 is a plot of anorthite content 
(weight per cent) against the y-index. Many 
of the points are averages, particularly at 
the lower end of the range, but all have been 
given equal weight in the computations. 
(Observed anorthite values have been aver- 
aged for each recorded index, the indices be- 
ing read to the third place.) The data points 
include substantially all the literature values 
collected by myself and O. F. Tuttle in an 
intermittent search extending over a few 
months, but probably not involving a total 
of more than ro or 15 hours of library work. 
The entire group now contains 58 paired 
analyses and index determinations. Five 
values were rejected because authors of the 
original publications apparently regarded 
them with considerable skepticism. One was 
discarded because of anomalous sign. 

Where correlation is as high as this (the 
product-moment correlation is 0.997 for the 
data of fig. 1), the question of which, if 
either, of the variables is to be regarded as 
independent or errorless is largely academic. 
The lines of best fit given by the conven- 
tional mean-square calculations are virtually 
identical. The anorthite content as a func- 
tion of the y-index is given by 


An = 1904.03 Y — 2925.94, (1) 
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and, with the exception of a few discrepant 
results, this relation gives an excellent ap- 
proximation of observed anorthite content 
over the entire range. 

In the region o < An < 45, however, 
the deviations, though mostly small, are 
curiously systematic. In the first place, all 
those for which the observed An content is 
less than 14 are negative, while all those in 
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There is thus a strong suggestion of some 
systematic departure from equation (1) at 
the albite end of the series. A line calculated 
for the region o < An < 30 and extrapo- 
lated to An,, materially reduces the devia- 
tions at the extremes of this range. The cal- 
culated equation is 


An = 2547.31 Y — 3919.27. 


Anorthite, (Weight Percent) 


Fic. 1. 


Relation between y-index and an An content of natural plagioclase. (An is the dependent 


variable of the calculations but is plotted as abscissa to permit comparison with other index-composition 


diagrams of the plagioclase series.) 


which observed An exceeds 14 are positive. 
Second, the size of the deviations decreases 
almost without break from An, to An,, and 
increases almost without break from An,, 
to An,s. In order of increasing observed 
anorthite content the deviations are as fol- 
lows: — 5.8, — 3.4, —1.4, — 2.6, — 1.8, —0.8, 
+1.5, +2.3, +2-4, +3-4, 45-4, 
+4.9. From An,, up, the sequence of devia- 
tions displays nothing like this regularity in 
either sign or size. 


It is to be stressed that equations (1) and (2) 
both describe the data very well; the only 
question is whether one is better than the 
other. Because of the peculiarly unsatisfac- 
tory sampling technique, it is probably best 
to refrain from statistical tests. The impor- 
tant matter is whether residual variance,’ 


* If variance is used as a measure of variability, 
then residual variance is that portion of the total 
variation not accounted for by the regression equa 
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a variability unaccounted for by equation 
(1), is sensibly reduced in this range by 
equation (2). For the points shown in figure 
1, many of which are averages, there is, in 
fact, an almost fivefold reduction of 
weighted residual variance if equation (2) 
is used in place of equation (1). Without 
weighting, this reduction is more than four- 
fold; and for the individual values, from 
which the means have been computed, it is 
more than seven fold. This would be a highly 
significant result if the situation permitted 
formal testing. In any case, purely as a mat- 
ter of sample description in the specified 
range, equation (2) is preferable to equation 
(1). Inspection of figure 1 is enough to show, 
however, that equation (2) will lead to 
decidedly erroneous predictions if it is ex- 
trapolated much past An,s. 

If equation (2) is to be substituted for 
equation (1) in the lower part of the range, 
a new equation must also be computed for 
the anorthite end. This new line, calculated 
for the region 64 < An < 100, is 


An = 1907.28 y — 2931.51 (3) 


and proves to be virtually identical with 
equation (1). 

There is apparently no theoretical re- 
quirement that the relation between com- 
position and maximum index be linear, but 
it is worth noting that departures from 
linearity in the central part of the range are 
not of a type that would be substantially 
reduced by a quadratic term unless the fit 
at one end were sacrificed. And it is just at 
the ends of the series that data are most 


tion, that is, 


=(An’ — An)? 
where An’ is the observed anorthite content and 
An is the anorthite content predicted from the re- 
gression equation. The value of the ratio V,:/V,, is 
a measure of the superiority of eq. (2) over eq. (1).. 


Kouter, A. (1949) Recent results on investigations 
of the feldspars: Jour. Geology, vol. 57, pp. 592 
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abundant. So far as can be determined from 
present data, the sample is best described by 
two straight lines, equation (2) for An < 45 
and equation (3) for An > 4s. 

Now it happens that the y-index of syn- 
thetic high-temperature albite is consider- 
ably less than the y-intercept value of equa- 
tion (2), and this suggests a very simple in- 
terpretation of the results, namely, that 
natural plagioclases carrying less than 45 
per cent An are usually the low-temperature 
form, while those with more than 45 per cent 
An are usually the high-temperature form.’ 
Dr. Kdhler’s (1949) suggestion that volcanic 
rock-plagioclases are ordinarily high-tem- 
perature, while those of plutonic rocks are 
normally low-temperature, seems at variance 
with this interpretation; because of the 
choice of material for index determination, 
it is not possible to say whether this contra- 
diction is real or apparent. Most of the index 
determinations for soda-rich compositions 
have been made on crystals from veins or 
pegmatites. Nearly all the determinations in 
the intermediate compositions and many in 
the lime-rich end of the series are for pheno- 
crysts from lavas. Only in the lime-rich por- 
tion of the series, however, are values for 
truly plutonic plagioclase at all frequent. 

Further information over the entire range 
would be highly desirable and might alter 
materially not only the sample description 
but its interpretation as well. Readers will 
confer a special favor by calling to my atten- 
tion reliable measurements in the region 
30 < An < 70. 

Tuttle and Bowen (companion paper, this 
issue) record a value of 1.534, whereas y for An = o 
is 1.539 from eq. (2). Equations (1) and (3) give a 
y-value of 1.537, a little closer to the measured 
value. Of course, if the interpretation offered here is 
correct, one would hardly expect closer agreement; 
eq. (3) must be extrapolated a distance equal to its 


entire range to yield a value for Ano, whereas eq. (1) 
is based on a mixture of high- and low-temperature 


feldspars. 


Tuttte, O. F., and Bowen, N. L. (1950) High- 
temperature albite and contiguous feldspars: 
Jour. Geology, vol. 58, pp. 572-583. 
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NOTE ON “PSEUDO-MONOCLINIC” PLAGIOCLASE 


CHRISTOFFER OFTEDAHL 
University of Illinois 


In a recent paper (1948) the author has 
described the feldspars occurring in the ig- 
neous rocks of the Oslo region, Norway. 
Later Kohler (1949) and Buerger (1948) ad- 
vanced some new views upon the problem of 
the high-temperature plagioclases. These 
viewpoints are well illustrated by plagio- 
clases of the Oslo region, and therefore a few 
of the characteristics of these feldspars will 
be pointed out below. 

The uncertainty about plagioclase optics 
was definitely cleared up when Kohler 
(1941) found that there are two series of 
plagioclases with different optics: (1) the 
high-temperature plagioclases, formed in 
volcanic rocks, and (2) the low-temperature 
plagioclases, formed in plutonic and meta- 
morphic rocks. On the basis of optical study 
by the present author (1948, p. 14) it is not 
certain at present whether these plagioclase 
varieties display polymorphism. 

Kéhler (1949, p. 598) has assumed that 
primary plagioclase which crystallized in 
melts was monoclinic, or nearly so, and that 
the finely laminated albite twinning in such 
plagioclases is induced in the plagioclase by 
the change from monoclinic to triclinic sym- 
metry. Moreover, Buerger (1948, p. 120) 
mentioned parenthetically that plagioclase 
may have a monoclinic high-temperature 
form. 

The Oslo plagioclases give excellent exam- 
ples of how plagioclases may have crystal- 
lized as monoclinic crystals under high tem- 
peratures and low pressures, with later 
transformation to triclinic symmetry in- 
volving the least possible change of the 
monoclinic lattice. 

The feldspar phenocrysts of the rhomb 
porphyries were assumed by W. C. Brogger 
to be lime-bearing soda orthoclases, locally 
soda microclines. This statement is frequent 
in present-day textbooks of petrography 
and mineralogy. The feldspars, however, are 
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actually plagioclase, although they are op- 
tically monoclinic, owing to very fine albite 
twinning. The lamellae may show up only 
when the twin plane is exactly parallel to 
the microscope axis. Therefore a universal 
stage is necessary for the investigation of 
such feldspars. 

The oligoclases of deep-seated rocks show 
the same phenomena, although with slightly 
broader lamellae in general. Thus traces of 
twinning may be seen in a few plagioclase 
individuals in rock sections. 

Basic igneous rocks contain plagioclases 
with broad lamellae, and the width decreases 
with decreasing An content. The lamellae 
“disappear” at a composition An,, in vol- 
canic rocks, whereas the plagioclases in plu- 
tonic rocks become “‘pseudo-monoclinic” at 
a composition An jo. 

This plagioclase phenomenon also occurs 
in the alkali feldspar group. The alkali feld- 
spars of monzonitic and of some syenitic 
rocks are soda-rich cryptoperthites or cryp- 
toperthites transitional to microperthites. 
Most cryptoperthites are monoclinic, though 
they are composed of submicroscopic lamel- 
lae of orthoclase and (triclinic) albite. 
Weissenberg photographs showed that this 
plagioclase is twinned according to the al- 
bite law. The phenomenon obviously occurs 
in all moonstones. 

Thus these Oslo plagioclases may be con- 
sidered to have formed from monoclinic 
crystals with as little structural disarrange- 
ment as possible during the cooling. 

The plagioclases of volcanic rocks and of 
at least some intrusive rocks show high- 
temperature optics (Oftedahl, 1944, p. 75). 
More interesting is the fact not only that 
optical data suggest the existence of high- 
temperature optics in some plutonic plagio- 
clases but that some X-ray data suggest the 
same optics in the plagioclase phase of 
cryptoperthites. 
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Geology: Principles and Processes. By WILLIAM 
H. Emmons, Georce A. CLINTON R. 
Staurrer, and Ira S. ALutson. 3d ed. New 
York: McGraw-Hill Book Co., Inc., 1949. 
Pp. x+ 502; figs. 488. $4.75. 

Laurence M. Gould, in a review of the second 
edition of this text which appeared in the Jour- 
nal of Geology in 1939, described it as “a book 
which the student will find readable and the 
teacher find teachable.” This is equally true of 
the third edition, which contains many aerial 
photographs that add to the value of the book. 

However, several misprints occur. On the 
cover is imprinted Principles and Practices in- 
stead of Principles and Processes. In the Preface 
the statement is made that a new unit, chapter 
v, has been added. It turns out to be chapter vi. 
On page os there is a reference to the petrified 
logs and forests of Arizona shown in figure 84. 
Figure 84 is a photograph of petrified tree 
stumps from Yellowstone National Park. On 
page 274 reference is made to a beach shown in 
figure 276; that figure is a print of a natural 
bridge. 

On page 269, figure 267, labeling would aid 
the beginning student in differentiating between 
a diatom, a radiolarian, and a sponge spicule. On 
page 252 is a statement referring to the conti- 
nental shelf: “It slopes gradually from the shore 
to about the 100-fathom line, where the bottom 
begins to descend more abruptly into abysmal 
depths.” According to investigations by Shep- 
ard (1939), “The use of the 100-fathom line as 
an outer limit is unfortunate in that steepening 
beyond the shoal platforms is initiated at an 
average depth of about 65 fathoms.” 


DUNCAN STEWART, JR. 


The Amadeus William Grabau Memorial Vol- 
ume. (Geological Society of China Bulletin, 
vol. 27.) 1947. Pp. 308. 


REVIEWS 


Dr. Grabau was one of the most remarkable 
geologists of modern times. In 1920, at the age 
of fifty and after a successful career as teacher 
and research worker in this country, he went to 
China as professor of paleontology in the Na- 
tional University of Peking and as chief paleon- 
tologist of the Geological Survey of China. 
There he met an opportunity such as comes to 
few men and became the outstanding figure in 
the development of modern geology in his 
adopted country. He trained and supervised the 
work of a generation of stratigraphers and pale- 
ontologists, whom he imbued with his enthusi- 
asm and respect for high standards in scientific 
work. He also published results of important 
personal research and several volumes of com- 
piled geological data and theoretical interpreta- 
tions that are well known to geologists in all 
lands. In influence, fame, and the respect that he 
won from all, he can only be compared with 
some of the ancient Chinese heroes, and, if he 
had lived in an earlier age, he undoubtedly 
would have been deified. 

Dr. Grabau died in 1946, six months after the 
liberation of China, and this volume was pre- 
pared as an inadequate but most sincere me- 
morial to an undoubtedly great man. It begins 
with three memorial and biographical papers, 
including a complete bibliography. About half 
the succeeding scientific papers are devoted to 
the fields of Grabau’s particular interests, stra- 
tigraphy and related subjects (6), and paleon- 
tology (6), but also broadly cover other geologic 
fields: structure (3), sedimentation (2), petrog- 
raphy (2), economic (2), and one each on physi- 
ography, glaciology, and crystallography. The 
twenty-three Chinese contributions include 
many of the best-known geologists of that coun- 
try, and among the seven foreign contributors 
are several who have long been interested in the 
geology of China. 

J. M. W. 
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ay $300 EACH with leather 
cose, Thermometer, Mog- 
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Y Procedures. 
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System 


Don’t guess at 
altitude readings — 
Only American Paulin 
System Altimeters are 
graduated in easily 
read 1 foot divisions. 


ACCURATE 
DEPENDABLE 
LIGHTWEIGHT 


The World’s Standard... 


TERRA SURVEYING ALTIMETER 


MODEL SA-1 . $200 EACH with leather 
cose, Thermometer, Mog- 


4,360 feet wt to+ 
3,600’) In intervols of 2’ nifier, end Operational 
Procedures. 


Literature and Technical Publications Available on Request 


AMERICAN PAULIN SYSTEM terra 


1847 S$. FLOWER * LOS ANGELES 15 


MODEL SA-2 . . Range 
10,600 feet (—900" to+ 
9,700’) in intervals of 5’ 


MODEL SA-5 .. . Range 
15,000 feet (—500” to+ 
14,500 }in intervals of 10’ 
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SUBSCRIBE NOW TO THE 
EARTH SCIENCE DIGEST 


The Earth Science Di- 
gest is an international 
illustrated magazine, 
issued monthly, de- 
voted to the geological 
sciences. It contains 
articles and features of 
lasting interest to the 
professional and ama- 
teur geologist, mineral- 
ogist, and paleontolo- 
gist. Earth Science Ab- 
stracis and the New 
Books column are now 
monthly features. 


SUBSCRIPTION RATES: 
1 year-—— $3.00; 2 years—$5.00 
(Foreign: 1 year—$3.50; 2 years—$6.00) 
Single copies——2s5¢ each. Vol. 5 began with the 
August 1950 issue. Special subscription rates (10 


cr more subscriptions: $2.00 each per year) al- 
lowed to educational institutions and societies. 


THE EARTH SCIENCE DIGEST 


Jerome M. E1senBero, Editor 
Box G-28, Revere, Massachusetts 


THE 


SHRUNKEN MOON 


VOL. IV OF 


GEOLOGY APPLIED 
TO SELENOLOGY 


By J. E. SPURR 
207 pages 36 text figures 
Price $4.00 


BUSINESS PRESS 


LANCASTER PENNSYLVANIA 


At WARD'S . . . it's Quality 


For 88 years teachers, collectors, industrial 
scientists and research investigators have 
found Ward's the most reliable source for es- 
sential earth science materials. 


~*~ * 
Specimens and collections of fossils, minerals, 
rocks, shells. 
Equipment for field or laboratory. 
Color Slides and Books. 


Wanted: identified minerals and fossils... 
in quantity . . . collections. 


WARD'S NATURAL SCIENCE 
ESTABLISHMENT, Incorrorateo 
3000 E. Ridge Road Rochester 9, N.Y. 


A comprehensive survey of cosmochem- 
istry and the chemistry of the geospheres. 


GEOCHEMISTRY 


By KALERVO RANKAMA 
and TH. G. SAHAMA 


This, the first modern account of geochem- 
istry published in English and incorporating 
much of the extensive European literature, 
may well prove to be a classic. 


The first section of the book treats the gen- 
eral aspects of geochemistry—chemistry of 
meteorites, abundance of elements and 
nuclides, geochemical structure and evolu- 
tion of the Earth. Part II is devoted to a 
detailed discussion of the manner of occur- 
rence of the elements. 


900 pages. Bibliography. Indezes. 
63X94. 60 illustrations. $15.00 
THE UNIVERSITY OF CHICAGO PRESS 
5750 Ellis Avenue - Chicago 37, Illinois 
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Textbook News 


A Laboratory Manual for Geology 
ParT |: PHYSICAL GEOLOGY 


By Kirtley F. Mather, Chalmer J. Roy, and 
Lincoln R. Thiesmeyer 

HIS new, up-to-date laboratory manual and workbook for intro- 
¢ yee courses contains thirteen units covering minerals and 
rocks, the interpretation of topographic maps, the land forms pro- 
duced by each of the agents of erosion, and the effects of geologic struc- 
ture on land forms. The material is divided into units, each of which 
generally contains page references to a number of standard texts, an 
introductory discussion of the subject under consideration, definitions 
of terms, and directions for laboratory activities. There are removable 
worksheets for each unit at the back of the manual. Illustrated 


Principles of Petroleum Geology 
By Cecil G. Lolicker 


ONCISELY and clearly written, this text stresses the geological in- 
te terpretation of the problems of petroleum geology, the mode of 
origin of oil and gas structures, and petroleum discovery methods. 
Consideration is given to the influence of geological factors on various 
types of recovery methods and to the valuation of oil and gas proper- 
ties. The oil and gas fields described have been selected from various 
petroliferous provinces in the world and are grouped according to the 
type or origin of the structure. Illustrated. 85.00 


Fundamentals of Earth Science 
By Henry D. Thompson 

RESENTING in an integrated course the physical and historical as- 
pects of the earth sciences, this text offers to the beginning college 
student of Geography and Geology a complete, but not too detailed, 
over-all picture. Covering all of the essentials in a concise and well- 
balanced manner, the book includes all the topics usually included in 
an introductory college textbook in physical geology and, in addition, 


supplies essential information regarding the physical aspects of 
geography. Illustrated. $3.75 


APPLETON-CENTURY-CROFTS, INC. 
35 West 32nd Street New York 1, New York 
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NOW AVAILABLE— 


A general index to 


THE JOURNAL OF GEOLOGY 


Volumes XXXVI through LV—1928 through 1947 
Price $3.00; prepaid in U.S.; in Canada add 8¢ for postage; foreign postage 20¢. 


SPECIAL OFFER— 


A general index to the JOURNAL OF GEOLOGY, Volumes 
I through XXX V—1893 through 1927 (regular price $5.00) 
PLUS the 1928 through 1947 index described above, BOTH 


for $5.00. 
Prepaid in U.S.; in Canada add 20¢ for postage; foreign postage 50¢. 


THE UNIVERSITY OF CHICAGO PRESS 
5750 Ellis Avenue + Chicago 37, Illinois 


TO ORDER CLIP AND MAIL THE CONVENIENT COUPON BELOW 


The Unwersity of Chicago Press 
5750 Ellis Avenue 
Chicago 37, Illinois 


[] Please send me .. copies of the JOURNAL OF GEOLOGY INDEX, 1928-1947 
@ $3.00 per copy. 
[] Please send me sets of the JOURNAL OF GEOLOGY INDEXES, 1893-1927 
and 1928-1947 @ $5.00 per set. 
Postage ....... 
Total amount 
{-] Check or money order enclosed. 
[-} Please bill me. 


Name...... 


Address 


Three-quarters of the earth is described in... 
MARINE GEOLOGY 


By Pu. H. Kuenen, University of Groningen, The Netherlands. Sum- 
marizes the advances made recently in the field of marine geolosy, 
and offers a clear picture of the problems still to be solved. Dr. Kue- 

_ hen emphasizes problems and relations rather than descriptions of 
properties, distributions, and other purely factual data. Many ref- 
erences to the original literature are included. Ready im October. 
568 pages. 250 illus. Prob. $7.50. 


ECONOMIC MINERAL DEPOSITS 


Second Edition. By Atan M. Bateman, Yale University. A compre- 
hensive study of the occurrence and form of mineral deposits. The 
book tells how they are formed, what they are, how and where they 
occur, and what they are used for. Practical conclusions for ore find- 
ing are included. 1950. 916 pages. 308 illus. $7.50. 


INTRODUCTION to 
THEORETICAL IGNEOUS PETROLOGY 


By Ernest E. Wan strom, University of Colorado. Explains the theory 
of petrology and summarizes many of the classic papers in the field. 
The author writes from the modern physico-chemical viewpoint, 


with the purpose of supplying the engineer with information that 
will enable him to assess critically the extensive modern literature 
of igneous petrology. 1950. 365 pages. 159 illus. $6.00. 


CONSERVATION of NATURAL RESOURCES 


Edited by Guy-Harotp Smita, with 20 Contributors. An authorita- 

tive study of the present needs and achievements in the field of con- 

servation. The most important facts about cach resource are pre- 

sented: basic geographical and conservational facts; extent and dis- 

tribution; use in national development; and the conservation prac- 

ne needed to achieve security. Ready in September. Approx. 533 pages. 
. $6.00. 


EARTH WAVES 


By L. Don Leet, Harvard University. A Harvard Monograph in Ap- 
plied Science. Summarizes the present knowledge of carth waves and 
explains how this knowledge is being used in prospecting for min- 
erals, mapping broad earth structures, studying hurricanes, and 
many other fields. The material is covered in four parts: The Measure- 
ment of Earth Waves, Observed Types of Earth Waves, Transmission of 
Earth Waves, and Microseisms. . . . 1950. 122 pages. 69 illus. $3.00. 


Send for copies on approi..! 


JOHN WILEY & SONS, Inc., 440 ath Ave. New York 16, N.Y. 
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ANNOUNCING 
SPECIAL STUDENT SUBSCRIPTION RATES 


THE AMERICAN JOURNAL OF SCIENCE 


DEVOTED TO THE GEOLOGICAL SCIENCES AND 
TO RELATED FIELDS 


Editors: Cuester R. Joun Ropcers 
12 issues per year 


Regular subscription rate, $8.00; student rate, $5.00 (Postage prepaid to the 
United States, The Philippines, and Central and South America; 35¢ a year 
to Canada; 60¢ elsewhere). 


Special student application blanks furnished on request to: The American 
Journal of Science, 501 Sterling Tower, New Haven, Connecticut. 


ECONOMIC GEOLOGY 


AND THE BULLETIN OF THE SOCIETY OF ECONOMIC GEOLO- 
GISTS: AN INTERNATIONAL JOURNAL DEVOTED TO THE 
FIELD OF ECONOMIC GEOLOGY 
Edited by ALAN M. BATEMAN 
Business Editor, Morris M. Letcuton 
8 issues per year 
Regular subscription rate, $5.00; student rate, $3.00 (Canadian postage, 30¢). 
Students registered in geology courses in the United States and Canada may 


send for application blank to: Economic Geology Publishing Company, 100 
Natural Resources Building, Urbana, Illinois. 


THE JOURNAL OF GEOLOGY 
A FUNDAMENTAL JOURNAL OF THE EARTH SCIENCES 
Edited by F. J. Pertryyoun 
6 issues per year 


Regular subscription rate, $6.00; student rate, $4.50 (Canadian postage, 24¢; 
foreign postage, 60¢). 

Special student subscription blank will be sent to any student on request to: The 
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GAMMA 


MODEL U 


A Highly Versatile 


Laboratory Camera 


For Photomicrography, Low Power 
Macroph tography, Copying, ete. 


NEGATIVE SIZES: 35 mm—3}"4}"—4" x5” 


Special Accessories for Palaeontology and Micropalaeontology 


Write for New 12-page Booklet to 
GAMMA INSTRUMENT COMPANY, INC. 


P. O. BOX 532 


GREAT NECK, N.Y. 


America's Leading Independent Makers of Photomicrograpbic Cameras 


If You Need 


MINERALS OR ROCKS 


FOR YOURSELF OR SCHOOL 
Don't Pass This Up 


We have individual specimens, rea- 
sonably priced, and complete Mineral 
collections from 50 boxed ores at $4.00 
to museum collections of 550 3 x 4” 
superb specimens for $2,000.00. If you 
are looking for any mineral to complete 
a set or a series consult us. We have 
many scarce items, books on GEOL- 
OGY, MINERAL CHARTS, ULTRA- 
VIOLET LAMPS, GEOPHYSICAL 
EQUIPMENT, GEIGER COUNT- 
ERS, MICROSCOPES, MAGNI. 
FIERS, GONIOMETERS, THEODO- 
LITES, etc. Send for large free Cata- 
logue. 


ECKERT MINERAL RESEARCH 
(Dept. G) 
110 E. MAIN ST. FLORENCE, COLO. 


Electromagnetic Mineral 


Separator 
Laboratory Size 


Convenient desk Model G 1 operates from or- 
diniry 60 cycle 115 vole outlet. Weighs ten 
pounds, stands 7 inches high. For small sam- 
ples. Separates into fractions of diminishing at- 
tractability. Used with such weakly magnetic 
minerals as hematite, glauconite, garnet, 
dote, hornblende, etc. Has variable field 
strength control. Price $59.00 prepaid in U.S. 


Leaflet on request 


META-MAGNET ASSOCIATES 
P.O. Box 3664 * Orlando, Florida 
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An A.A.P.G. Publication! 


TECTONIC MAP 


OF THE 


UNITED STATES 


Prepared under the Direction of the Committee on Tectonics 
Division of Geology and Geography, National Research Council 


CHESTER R. LONGWELL, Chairman, PHILIP B. KING, Vice-Chairman 
CHARLES H. BEHRE, WALTER H. BUCHER, EUGENE CALLAGHAN, 
D. PF. HEWETT, G. MARSHALL KAY, ELEANORA B. KNOPF, A. I. 
LEVORSEN, T. S. LOVERING, GEORGE R. MANSFIELD, WATSON H. 
MONROE, J. T. PARDEE, RALPH D. REED, GEORGE W. STOSE, W. T. 
THOM, JR., A. C. WATERS, ELDRED D. WILSON, A. O. WOODFORD 


A Geologic Map of the United States and Adjacent Parts 
of Canada and Mexico 


Geologic structure, as evidenced and interpreted by a combination of out- 
cropping areas, bedrock, surface disturbance, and subsurface deformation, 
is indicated by colors, symbols, contours, and descriptive explanation. 
Igneous, metamorphic, and selected areas of sedimentary rock are mapped. 
Salt domes, crypto-volcanic disturbances, and submarine contours are shown. 


The base map shows state boundaries, rivers, a pattern of cities, and | 
degree lines of latitude and longitude. 


The scale is 1:2,500,000, or 1 inch = 40 miles. Printed in 7 colors, on 2 
sheets, each about 40x50 inches. Full map size is about 80x 50 inches. 


PRICE, POSTPAID 
$2.00 rolled in mailing tube 
$1.75 folded in manila envelope 
$1.50 in lots of 25, or more, rolled or folded 
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PRINCIPLES OF SEDIMENTATION. New 2nd edition 
By W. H. Twennoret, Professor Emeritus of Geology, University of Wisconsin. 674 
pages, $6.50 

Although retaining the same approach and organization of the first edition, all the matter in 

the new revision has been brought fully up to date along with the addition of several new topics 

and illustrations. As before, the text treats the sources, transportation, and deposition of sedi- 
ments; environmental factors that influence their production; products resulting from operation 
of sedimentary processes; and various structures arising as a consequence of deposition. 


ELEMENTS OF OIL RESERVOIR ENGINEERING 


By Syivarn J. Prrson, Stanolind Oil and Gas Company, Tulsa, Oklahoma. 441 pages, 
$6.50 
Develops and coordinates the principles which govern the behavior of geologic petroleum 
reservoirs when placed under protection during their primary phase, and also during the applica- 
tion of external sources of energy as practiced in secondary recovery operations. The book de- 
velops three fundamental production processes or drives: water, segregation and depletion 
drives, which may operate singly or in combination. 


PETROLEUM PRODUCTION ENGINEERING. Petroleum 


Production Economics 
By Lester C. Uren, University of California. 622 pages, $7.50 


Provides an elementary exposition and interpretation of the basic principles of economics and 
business administration as they apply specifically to the petroleum producing industry. The 
material is presented primarily for the student who does not have time for a complete course in 
economics and business administration, yet needs a general understanding of their application 
to their field. 


PHYSICAL PRINCIPLES OF OIL PRODUCTION 


By Morris Muskat, Gulf Research and Development Company, Pittsburgh, Pa. Inter- ’ 
national Series in Pure and Applied Physics. 922 pages, $15.00 


This new text formulates and correlates present information concerning the physical principles 
and facts underlying the mechanics of oil production. The author discusses all the basic types 
of oil production mechanisms, including the solution gas drive, water drive, and gravity drain- 
age mechanisms. There is a detailed discussion of the principles, practices, and experiences re- 
lated to secondary recovery operations, both by gas and water injection, for the recovery of 
additional oil from depleted reservoirs. 


Send for copies on approval 
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COULLEGE TEXTS 


How the Mining Geologist Works 


MINING GEOLOGY 


By Hugh Exton McKinstry, Harvard University 


Combining all that is common knowledge in the trade with up-to-date information 
from the technical literature of the field, this unique text describes precisely the 
kinds of work a geologist must do and how he does it. The material is arranged in 
four parts: 

e Part I— Assembling. Geological Data—by mapping and other means of investiga- 
tion. 

e Part Il— Geological Principles of Ore-Search and Ore Appraisal—the relationship 
between ore and geology, touching upon the philosophy of ore-search. 

e Part IIIl— Application in Specific Phases of Mining— describes methods of finding, 
developing, and valuing ore-bodies in the successive stages from prospecting to 
operation. 

e Part IV— Technological Characteristics of Ore—how to convert run-of-mine ore 


into marketable products, stressing the manner in which mineralogy of the ore 
determines whether and how it can be processed or sold. 


Published 1948 680 pages 6" 


STRUCTURAL GEOLOGY 


By Marland P. Billings, Harvard University 


All the recent developments in the field are incorporated in this lucid, well-illustrated 
book. The first part presents the methods used in deducing geological structures and 
understanding the origins of these structures. Later chapters discuss folds, joints, 
faults, cleavages, and unconformities. Unusual features of the text include: 

e Material on igneous rock bodies, salt domes, plutons, structural petrology, and 
geophysical methods. 

e Laboratory exercises that prepare the student for field work. 

© 336 diagrams, charts, maps; and 19 photographs, visualizing principles. 

Published 1942 473 pages 6" X9” 


Send for your copies today! 
PRENTICE-HALL, INC. 


70 FIFTH AVENUE NEW YORK 11, N.Y, 


